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I. SUMMARY 
Springborn Laboxatories, Inc. is engaged i n  a study of potentially useful 
low cast encapsulation materials for t h e  F la t -P la te  Solar Array pro-ject 
(FSA) fur,ded by the  Department of Energy and a d m i n i s t p e d  by the Jet 
Propulsion Laboratory. The g o a l  of the study is t o  i d e n t i f y ,  eva lua te  
and recommend encapsulation m a t e r i a l s  and processes  for t he  f a b r i c a t i o n  
of cos t -e f fec t ive  and long- l i fe  so l a r  modules, 
A program of ~ ~ c e l e r a t e d  aging is beinq conducted f o r  t h e  purpose of (a )  
generat ing empir ica l  and p r a c t i c a l  d a t a  r e l a t i n g  t o  l o n g e v i t y I r ( b )  rating 
and ranking of t h e  s t a b i l i t y  L, cand ida te  formulations, and (c) genera t ing  
data  t h a t  may be used i n  mathematical models f o r  the p r e d i c t i o n  of s e r v i c e  
l i f e .  
Although a variety of aging methods a r e  being used for t h i s  work, the  use of 
Outdoor Photo Thermal Aging Reactors (OPTAR) appears t o  be the most promising.  
These devices age polymers i n  n a t u r a l  s u n l i g h t  while a c c e l e r a t i n g  the  degrada-a 
tion reac t ions  with heat. They are on only dur ing t h e  sun l igh t  hours and are 
0 0 '  
c u r r e n t l y  operated a t  70 , 90 and 1 0 5 ~ ~ .  The OPTAR technique appears t o  be 
t h e  most useful ye t  discovered for assessing the r e l a t i v e  aying performance of 
encapsulat ion mater ia ls  i n  reasonably s l ~ o x t  per iods  o f  time. Sam& candidate  
0 p o t t a n t s  may be deg;aded i n  a s  l i t t l e  as 2,000 hours ((3 105 C) , an3 advanced 
formulations have been discovered t h a t  extend this mean time to  f a i l u r e .  -Corn- 
p a r a t i v e  aging studies have s u c c e s s f u l l y  i d e n t i f i e d  a new oligomeric hindered 
amine l i ght  s t a b i l i z e r  (HALS) (Cyasorb LW-3346, American Cyanamide) as having 
p o t e n t i a l  for f u r t h e r  extending t h e  s e r v i c e  l i f e  of p r e s e n t  EVA compounds. 
The 0PTA.R method was i n i t i a l l y  intended for use i n  the  eva lua t ion  o f  whole 
modules, Modules containing four p o t t a n t  formula t ions  have been under exposure 
f o r  5,000 hours and cxa;nination i n d i c a t e s  t h a t  tlie most d e s t r u c t i v e  effect a t  
any temperature is  the presence of met-a l l i c  copper. Apart: from t h i s  effect, n o  
0 
changes are observable i n  the modules exposed at 70 C. A t  90°c, tile two EVA 
formulations cured with Eupersol-101 peroxide show s i g n s  of disco1o1-ation and 
s l i g h t  corrosion of the m e t a l l i c  components is also apparent .  All tlrc lnodules 
are i n  genera l ly  good condit ion.  A t  t h e  1 0 5 ~ ~  exposure tlie si~jns of rlagradotion 
are more obvious. The presence o f  copper causes a v i o l e n t  degradation reaction, 
however it does not spread fa= fram t h e  l o c a t i o n  of t h e  metal, A 1 1  the pottants 
tend t o  discolor a t  t h i s  temperature, The effect is pronounced i n  the  EVAs 
cure with Luperpol 101, b u t  s l i g h t  i n  those cured with Lupersol-TBEC. Other 
observable changes are s l i g h t  corros ion of t h e  in te rconnec t s  and breakage of t h e  
g l a s s  o u t e r  covers due t o  thermal shock. The power genera t ing  a b i l i t y  of a l l  
the  modules seems t o  be unimpaired. These experiments definitely demonstrate the  
improvement i n  performance t h a t  occurs  when all tho encapoulation components are  
combined t o  mutually p r o t e c t  each other. Fina l ly ,  l i f e t i m e  modelling experiments 
performed w i t h  the  OPTAR dev ices  appear to be extremely encouraging. Using un- 
s t a b i l i z e d  polypropylene as a model compound, a l i n e a r  r e l a t i o n s h i p  (Arrhenius) 
was found when the induction per iod ,  log  t., was p l o t t e d  as a funct ion-of  recip-  
I 
xocal temperature. This func t ion  has been success fu l ly  ex t rapo la ted  t o  t h e  
known l i f e t i m e  of t h i s  polymer under  ambient conditions. If  t h i s  r e l a t i o n s h i p  
i s  found for p o t t a n t  formulat ions,  then  reasonable p red ic t ions  of r e a l  time 
se rv ice  l i f e  may become poss ib le .  
Exp.eriments.were continued i n  t h e  a r e a  of primers and adhesion, b u t  wi th  an 
emphasis on bonding d i a g n o s t i c s  and d u r a b i l i t y  r a t h e r  than formulation develen- 
ment. A fine s p h e r i c a l  moiodispcrse glass powder was treated with silane 
coupling agent  and blended into EVA resins t o  gi.ve compounds conta in ing a h igh  
concentrat ion o f  bonded s u r f a c e  area.  P a r a l l e l  sets of specimens were then 
hydrothermally aged by water immersion a t  t h r e e  temperatures and removed for 
t e s t i n g  a t  f i x e d  i n t e rva l s .  One s e t  of specimens was measured fo r  phys ica l  
and mechanical p roper t i e s ,  the o t h e r  was s e n t  t o  Case Western Reserve u n i v e r s i t y  
for spect roscopic  (DRIFT) a n a l y s i s  i n  an at tempt t o  examine shifts i r i  the 
surface chemistry. Addi t ional ly ,  a set of specimens was d r i e d  in an a i r  oven and 
used t o  determine t h e  r e v e r s i b i l i t y  of  any bond damage t h a t  may have occurred. 
Although changes i n  mechanical p r o p e r t i e s  ..ere found ( t e n s i l e  s t r e n g t h ,  elong- 
a t i o n ,  modulus) the  most dramatic property v a r i a t i o n  W A S  change i n  w e i c j l l t  due t o  
absorbed water .  I i ig l .~er  temperatures and longer times resu?.tod i n  hig11c.r weight 
gain.  The h ighes t  weight g a i n ,  2,015%,was found for unprimed glass beads in 
0 EVA after 2,000 hours i n  60 C water, The  equivalent  specimen with prirned g l a s s  
showed only 3 4 . 7 %  ? ~ c i q h t  ga in ,  clearly .showing t h e  difference betwccn bollrlccl and 
unbonclcd su r faces .  Hiqh w e i g h t  g a i n s  of water  a l s o  corres~~onrfcd  to  tho tlccoy 
of mechanical properties, t h e  l a rye s t  affect being the d c c r ~ ~ ~ l s c  in c lc~r~r j , i t i on  at 
break. Specimens dr ied  i n  an a i r  oven to c o n s t a n t  weight i n d i c a t e  t h a t  w e t  
strength is reversible t o  d r y  strength i n  specimens with t h e  primed g l a s s  
surface,and most p roper t i e s  return t o  t h e i r  c o n t r o l  values. Although still  
explora tory ,  hydrothermal aging of high surface area glass f i l l e d  polymers 
shows prbmfse as a d iagnos t i c  t o o l  for t h e  eva lua t ion  of primer compositions. 
Flammability of modules is of concern due t o  t h e i r  p o t e n t i a l  for lowering 
the flame r e s i s t a n c e  of o t h e r  roof ing  s t r u c t u r e s  i n  r e s i d e n t i a l  app l i ca t ions .  
A number of approaches t o  t h e  solut io 'n of t h i s  problem a r e  conceivable, in-  
c luding reduction of the  amqunt of combustible m a t e r i a l  used in the construc- 
t i o n  of a module and t h e  incorpora t ion  of fire r e t a r d a n t  compounds t o  quench 
t h e  combustion. F i r e  r e t a r d a n t  agen t s  were blended i n t o  EVA in an a t tempt  
to create self-extinguishing compositions. Additives were selected on the 
basis of wel l  documented compositions known to  be e f f e c t i v e  i n  polyolef ins .  
First-cut t e s t i n g  using UL-94 vertical burn i d e n t i f i e d  some formu1ations.a~'- 
V-0, self extinguishing.  Compression molding of these formulat ions w i t h  
"Craneglas" c l o t h  t o  f u r t h e r  d i l u t e  t h e  o rgan ic  content  and improve s t r e n g t h  
resulted i n  flexible sheet  compositions wi th  l i m i t i n g  oxygen index values  of 
30%. This i s  approximately equivalent  t o  s i l i c o n e  rubber i n  flammability,and 
h igher  ratings are believed to be poss ib le .  
P o t t a n t s  and o t h e r  mbdule components must perform a wide v a r i e t y  of functims, 
one of which is e l e c t r i c a l  insul .at ion.  Loss of adequate insulation could ie- 
s u l t  i n  excess ive  leakage c u r r e n t  r e s u l t i n g  i n  e lec t rochemical  corrosion, 
ground-fault  arcing and an e l e c t r i c a l  safety hazard. Due t o  the  importance 
of e l e c t r i c a l  insu la t ion ,  measurements of t h e  effects af aging on t h i s  proper- 
t y  a r e  important. Laboratory techniques  for the  measurement of t h e  " i n t r i n s i c  
dielectric s t r eng th"  were developed and plots of DC breakdown vo l t age  versus  
t h i c k s r s s  y ie lded l i n e a r  plots. Experiments will continue with t h e  t e s t i n g  of 
aged specimens to determine if the breakdown s t r e n g t h  changes w i t h  environ- 
mental  stress. 
An experimental program is con t inu ing  t o  determine the  usefulness of s o i l  
r e s i s t a n t  coatings. These c o a t i n g s  are i n t e n d e d  to  be surface t rcaimcnts 
appl ied  t o  the sun l igh t  side of solar modules and f u n c t i o n  to prcvt-nt the 
p e r s i s t e n t  adhesion of soil t o  the  s u r f a c e ,  a i d  i n  its rcno*.*al, and c o n s e r ~ u ~ * ~ ~ t l y  
keep t h e  power o u t p u t  high. These t r e a t m e n t s  have been a p p l i e d  to I1Sunadex1' 
glass, ' 'Tedlar" polyvinyl fluoride film and "Acrylar" o r i e n t e d  a c r y l i c  f i l m .  
The treatments are based on f t u o r o s i l a n e  chemistries. After t h i r t y - e i g h t  
m o n t h s  of outdoor exposure, a f l u o r o  treatment d e s i g n a t e d  E-3020, was found tt 
be the bssk coating for all tnree o u t e r  surfaces and x e s u l t  in s i g n i f i c a n t l y  
better soi l  r e s i s t a n c e  than the '  c o n t r o l s .  T h i s  rnaterf a1 s t i l l  appears t o  be 
act ive  after three years, w h e r e a s  the other c a n d i d a t e s  have all l o s t  t h e i r  
e f f e c t i v e n e s s .  Based on standard solar cell measurements,  t h e  improvement i n  
power o u t p u t  using t h i s  t r e a t m e n t  is estimated t o  be about 1% for Sunadex 
g l a s s ,  3 . 8 1  for Tedlar and 3.9% for Acrylar. Thvse t r e a t m e n t s  may ;iovide a 
passive and cost e f f e c t i v e  way t o  m a i n t a i n  high power f o r  pV arrays i n  t he  field. 
O u t e r  cover films are  requilzd for the p r o t e c t i o n  of substrate designed modules' ' 
i n  which t h e  cells axe s u p p o r t e d  f r c m  t:le underside.  The o u t e r  cover must be 
highly t ransparent  and weatherable. Initially, it was thought that  W screening 
was also  a necessity, however most of the candidate  potcants appear sufficiently 
stable so t h a t  t h e  a d d i t i o n a l  p r o t e c t i o n  may n o t  be r e q u i r e d .  This now expands 
t h e  number of materials t h a t  might  be s u i t a b l e  f o r  t h i s  a & l i c a t i o n .  Some of t h e  
more expensive fluoropolymers may still be cost effective c?ue t o  their low re- . 
f r a c t i v e  i n d i c e s .  The improvement i n  o p t i c a l  c o u p l i n g  may r e su l t  i n  an increase 
f n  module e f f i c i e n c y  of several percent. Some of t h e s e  newer candidates w i l l  be 
evaluated f u r t h e r  i n  future work. 
A new s e c t i o n  has been added to  this program e n t i t l e d  " P r o c e s s  S e n s i t i v i t y " .  
The goal of t h i s  s t u d y  is to examine the r e l a t i o n s h i p s  between m a t e r i a l  and pro- 
cess v a r i a b l e s  and to  determine t h e  acceptable "windows" t h a t  r e s u l t  i n  modules 
of p r e d i c t a b l e  q u a l i t y .  A microprocessor con t ro l l ed  vacuum laminator h a s  been 
constructed f o r  this study t h a t  w i l l  enable processing variat ion under  software 
c o n t r o l .  Laminations conducted with a standard test module w i l l  be used to  
e v a l u a t e  the effect of specif ic  variables. 
Work on formulation variables i s  underway. Experiments have been performed 
to assess t h e  e f f e c t s  of storage of EVA p t t a n t s .  The results  i n d i c a t e  t h a t  
t V A  9918 is rapidly  a f f e c t e d  by exposure to t h e  open air. E X ~ S U ~ E !  of t h e  
fast-cure formula, LVA 15295, is much less detrimental; howcver, a gradual 
decrease in its a b i l i t y  to c u r e  is  observed. I t  is recornended that all kVA 
products be kept w r a ~ p e d  i n  a closed plastic bag for storage, and a l s o  a t  
the end  of each day of production. b31cn s t o r e d  in t h i s  m3nncr ,  t l ~ c r c  dtlcs trot 
a;:.r.sr to be a l i m i t i n g  s h e l f  l i f e .  
TI. INTRODUCTION 
Photovoltaic modules consist  of a s t r ing  of e l ec t r i ca l ly  interconnected so la r  
c e l l s  capable of producing practical quant i t ies  of e l e c t r i c a l  power when ex- 
posed to  sunlight. 
To insure high r e l i a b i l i t y  and long-term performance, the functional compo- 
nents of t h z  solar  c e l l  module must be adequately protected from t h e  environ- 
ment b y  some encapsulation technique. The potent ial ly  harmful elements t o  
module functioning include moisture, u l t r av io le t  radiation, thermal excursions, 
dust ,  h a i l ,  and atmospheric pollutants.  Additionally, the encapsulation system 
must provide mechanical support for the c e l l s  and corrosion protection for the 
e l ec t r i ca l  components. The  encapsulation system i s  defined as all the con- 
struction materials required i n  a  module t o  provide t h i s  mechanical support 
and environmental isolation. In addition, the module must be based on con- 
struction materials and design considerations that meet the f i e ld  operating 
requirements while also minimiziihg t h e  cost.  
Assuming the f la t-plate  col lec tor  t o  be the most e f f i c i e n t  design, photo- 
vol ta ic  modules are considered t o  be of two basic types, substrate and super- 
s t r a t e ,  and to  be composed of seven basic  construction elements. The design 
types are diagramed as follows: 
BASIC MODULE TYPF', 
OUTEH COVER 
P O n A N T  
ADHESIVE 
STRUCTURAL SUBSTRATE 
SUPERSTRATE-BONOED 
TRANSPARENT STAUCTURAL SUPERSTRATE 
..-.. - 
POTANT 
~Z%'Y//~;A] - BACK COVER 
The seven basic construct.,ion elements are : (a)  outer covers, (b) transpaxent 
supexstratas, (c) pottants, (d) substrates, (e) back covers, (f) gaskets and 
e d g ~  sealing, and (g) adhesives or primers. 
Throughout this progrm., ext,ensive surveys have been conducted into many 
classes of materfals in  order to identify Ilhe compound or class of compounds 
optfmum for use an each cons t ruc t ion  element.  
The results  of these surveys have also becn useful i n  generating first-cut cost 
allouatiuns for  each construct ion elemeat, which are estimated to be as foliows 
11980 dollars) : 
Approximate Cost 
Allocatidn * 
- ( $/rn2) 
Sub;;t;'.~tn/.;uperstrate $ 7.00 
( ~ o d  & w i n g  Component) 
Potstant 1 . 7 5  
Pr imer  
On te r  Cover 
Back Cover. 1.50 
Edge Seal  t Gasket  1.85 
From the previous work, it  became gossible to i d e n t i f y  a small number of 
materials which had the highest potential as candidate low cost encap- 
sulation materials. 
In addition to materials, two fabrication processes have been explored: 
vacuum bag lamination and liquid casting. In vacuum bag lamination the pottant 
is handled as a dry film of formulated polymer that is used to sandwich t h e  
cell string.  ~nca~isulation is completed by the application of vacuum and heat. 
In the casting process the pottant is handled as a high viscosity liquid that 
is pumped around t h e  c e l l  string. For both, curing to a rubbery solid is accam- 
plished by the application of hear. 
2 
* Allocation for combination of construction e lencn ts :  Sl4im . 
Program efforts have emphasized the i d e n t i f i c a t i o n  and development  of potting 
compounds. P i r t t a n t s  are m a t e r i a l s  w h ~ c h  provide a number o f  f u n c t i o n s ,  bu t  
primaxfly  serve as a b u f f e r  between t h e  c e l l  and  t h e  s u r r o u n d i n g  environment ,  
The p o t t a n t  must qrovide a mechanical r~r P~npact barrier axound t h e  c e l l  t o  
p r e i 7 e n t  breakage, must p r o v i d e  ii barrier %a water which would degrade t h e  
e l e c t r i c a l  o u t p u t ,  n u s t  serve as G barrias 40 c o n d i t i o n s  that  cause c o r r o s i o n  
of t h e  ce l l  m e t a l l i z a t i o n  as4 intea*:onriect structure, must protect a g a i n s t  con- 
d i t i o n s  t h a t  c a u s e  c o - r o s i o n  of the  cell. rn ; lPa l l i za t ion  and  i n t e r c o n n e c t s ,  and 
must serve e;l an o p t i c a l  coupling m e d i m  t o  p r ~ v i d e  a tnaxirnum l i g h t  trarrs- 
m i s s i o n  t o  t h e  cell surface and op t i rn i se  power output .  Due to i ts  c e n t r a l  
r o l e  i n  t h e  e n c a p s u l a t i o n  scheme, t h e  p o t t a n c  has r e c e i v e d  more emphasis 
tiian any other constrrlction e l e m e n t ,  however other components and module re- 
l a t e d  a c t i v i t i e s  are now under i n v e s t i g a t i o n .  O f  particular importance a r e  
areas r e l a t i n g  t o  module reliability and  p r e d i c t i o n  of the  service l i f e .  Ad- 
d i t i o n a l l y ,  a n o t h e r  area of study e n t i t l e d  "Process S e n s i t i v i t y t '  has been added 
t o  this c o n t r a c t .  Its purpose  is t o  d e t e r m i n e  the degree t o  which f o r m u l a t i o n  
and p r o c e s s e s  affect t h e  module q u a l i t y  and manufacturing yiel2. T h i s  r p p o r t  
presents t h e  f o l l o w i n g  t o p i c s :  
(1) Aging and ~ i ' f e  p r e d i c t i o n  methodology and devices. 
( 2 )  The f u n c t i o n  of a d h e s i o n  c h e m i s t r y ,  p r i m e r s  and a new d i a g n o s t i c  
technique f o r  e s t i m , , t i o n s  of bond durability. 
(3) A s t u d y  of f i r e  r e t a r d a n t  f o r m u l a t i o n s  f o r  d e c r e a s i n g  the p o t e n t i a l  
f l a m m a b i l i t y  of solar modules. 
( 4 )  The i n i t i a l  s t u d i e s  of t h e  electric21 i n s u l a t i n g  properties o f  en- 
c a p s u l a t i o n  materials and measurement of the i n t r i n s i c  dielectric 
s t r e n g t h .  
( 5 )  A n t i - s o i l i n g  compounds for the p r e v e n t i o n  of so i l  bu i ld -up  on t h e  
o u t e r  s u r f a c e  of t h e  module. 
(6) Low t e m p e r a t u r e  processing e n c a p s u l a n t s  t h a t  1errni.t module f a b r i c a -  
0 t i o n  a t  temperat~res less than 100 C ,  
(1) The background and statistics' methods for relat ing process 
variables to dominant failure mechanisms and t h e i r  use in pre- 
d i c t i n g  manufacturing y i e lds .  
1x1. AGING MID LIFE PREDICTION 
The candidate encapsulation materials being investigated i n  this project 
are intended for ,the construction o f  solax cell modules for terrestrial 
deployment and consequently must be capable of enduring the operating 
tempsxaturas, insolation, precipitation and otirer elements of the out- 
door exposure in the geographical region selected. Although the severity 
of these condit ions  may be fairly accurately gauged (climatic'atlas; 
weather records, ate . )  the 'lifetime a .'' ~erformance of individual materials 
or combinations of materials is not as easily assessed. The chemical path- 
ways and rates at which materials age i~ outdoor exposures are very corn~lex 
and predictive techniques often turn out  to be Inaccurate. 
The. degradation of polymeric m a t e r i a l s  i n  outdoor weathering is caused pri- 
marily by sunlight, especially the crltraviolet component. The deteri,orat- 
ing effect of light is usually enhanced by the presence of axygen, moisture, 
heat, abrasion, etc. and is more accurateLy referred to  as  photooxidation, 
r e s u l t i n g  from the combined effects of oxygen and sunlight. Sunlight at 
the earth's surface (filtered by the  ozone layer) begins a t  290 nm in the 
ultraviolet and continued through the visible ra.?gas out to approximately 
2,600 nm i n  the infrared. Tt.fs the ultraviolet portion of  the spectrum 
(290 to 400 nm) tha t  results i n  mast of the photo-induced changes in poly- 
meric materials. 
Plast ics  vary considerably in  t h e i r  ultraviolet  absorbing properties, but 
few are completely transparent i n  the 290 to 400 nm range. Once the radiant 
energy has been absorbed, t h e  likelihood of chemical action will degend on 
the degree of absorption and the stability of the chemical bonds i n  the ~oli-mer. 
T3e induced chemical  modifications are resgonsibie for  t h e  deterio2-ztion oE 
optical and mechanics?, properties and usually result in reductions of t e n s i l e '  
strength, el~nqation and transparency. Specially fo-mulateti stakilizers 
are frequently used to interrupt t h i s  desradation chenisrry and extend t3e 
service life of the polymer. 
Accelerated t e s t s  are also used t o  assess long term aging effects and 
compare the e f f ec t ivene~s  of s t a b i l i z e r s  i n  providing improved pro- 
tect ion against environmental deter iorat ion.  Typically, properties such 
as t e n s i l e  strength, elongation a t  break, apparent modulus, resistance 
to f l e x  cracking and other propert ies  are measured on samples aged for 
known periods of time under s p e c i f i e d  conditions.  These tests are use- 
ful for determinkng the relative s t a b i l i t y  of polymers and formulations, 
however carxzlaiion with actual service l i f e  is  infrequent, 
In order to assess the relative s t a b i l i t y  of individual  polymers and 
to deterinine t$e effectiveness of varying formulations, springborn 
Laboratories is conducting a program of accelerated aging and l i f e  
predictive s t r a t e g i e s  +hat should be u s e f u l  for : (a) r a t i n g ,  ranking 
and reformulating candidate encapsulat ion materia ls ,  (b) generating a 
practical data that relate to material perfornance under use condit ions ,  
. .  , 
and ( c )  generating data that may be useful  in some type of predictive 
manner for life assessment. 
The goals  are being met by using the scheme presented i n  the fo l lowing 
diagram: 
CANDIDATE 
MATERUUlS 
FCZFORMULATLON 
FAILURES 
ASSESSMENT 
T h i s  method i s  in tended  to serve as a multipurpose data source. 
The stresses to which materials aze ex~osed consist of t h e  f o l l o w i n g ,  
either singly or combin.ed: 
(a) Thermal stress (heat aging) 
. i n  i n e r t  atmosphexe 
. in air 
(b) Ultraviolet stress (W exposure) 
(c) Hydrolytic stress (water exposure) 
(d)  Catalytic stress (metal catalyzed oxidation) 
(el Combined stresses (any of the above together) 
The effects of these stresses on the candidate encapsulation m a t e r i a l s  is 
determined by measuring specific properties a s  a function of Fime. These * 
" - 
properties were selected for their relevance to module service life and,were 
chosen from four categories considered to be poterd ia l ly  life-limiting, 
as follows: 
. Mechanical: tensile strength, elongation, gel content, 
mdulus  
. Optical: yellowing, haze, optical transmission from 
0 - 4  to l .I microns 
. Chemical: loss of stabilizers, d e g r a l a t i o n ,  corrosion of 
interconnect metalization, metal catalyzed 
reactions, outgassing 
, D i e l e c t r i c :  f 5 e l d  stress degradation, decay of breakdown 
strength, leak current, loss of electrical 
i so la t ion  
For the evaluation of individuaL materials and/or combinations of materials, 
a n&er of exposure c o n d i t i o n s  have been used, including oven (thermal) 
aging, RS/4 fluorescent sunlamp at SOOC and G0c,  JPLi s Controlled Environ- 
ment Reactors (CER) and outdoor site exposures. 
The d e t a i l s  of these experiments and t3e results obtained have been Jocu- 
mented in previous reports, (a) These methods have been u s e f u l  for some 
(a) Willis, "Investigation of Test Methods, Material Properties and Processes 
for Solar Cell ~ncapsulants" Annual Reports No. 6 through 8 ,  1982-1984, 
Springborn Laboratories, E n f i e l d ,  CT. 
comparisons of the relative durability of materials, but: within particular 
limitations. These are: 
(a) The use o f  light sources that: do not duplicate the sun's 
spectrum and have an inconsistent output w i t h  respect to t h e  
(lamp darkening). 
(b) Exceedingly long exposure times are required (sometimes severaL 
years) are required before the test specimen shows any sign of 
degradation. 
( c )  Unpredictable correlati vns between test exposure condi t ions .  pnd 
actual outdoor f i e l d  exposures. 
(d) Conditions that do result i n  r e l a t i v e l y  rapid degradation intro- 
duce overstresses that .ray now introduce chemical mechanisms t h a t  
would not be found i n  Field operations. 
( e )  In general,  the conditfons are too nartificial'8 and do n o t  re- 
.. . 
sable outdoor environmental conditions. 
B. QPTAR Devices 
Due to these objections, a d i f f e r e n t  approach was considered to the aging 
of candidate encapsulation materials - the  use of Outdoor Photo T h e m l  
aging devices (OPTAR). These are devices recent ly  constructed a t  Spring- 
born Laboratories that constitute a new approach t o  accelerated weather-. 
ing . (a) 
The predominant cause of outdoor de te r io ra t ion  i s  photothermal aging; the 
combination of heat  and u l t r a v i o l e t  light, In all the laboratory techniques 
devised to date, it  i s  mainly the l i g h t  that is  increased (photoacceleration) 
through the use of arcs and discharge lamps. In the OPTi3R reactors,  n a t u r a l  
sunlight is used as the  l i ght  source and only the specimen temperature is 
increased.The OPTAR reac tors  c o n s i s t  o f  heated aluminum blocks suz5aced with 
s t a i n l e s s  steel and mounting hardware ko hold the t e s t  speciiaens f l u s h  w i t h  
a 
the surface. The reactors are ,iilted at 45 C south and t h e  device tuzns  on 
(a) Subject of a pager to be published i n  fall of 1 9 8 5 .  
at sunrise and off at sunset. Three temperatures have i n i t i a l l y  bean se- 
lected: 70°c, 90°c, 1 0 5 ~ ~ .  T h i s  approach eliminates the d i f f i c u l t i e s  associ- 
- 
ated w i t h  the irregular spectrum of artificial light sources, expcses the 
specimens t o  other environmental conditions such as rain and pol lut ion ,  and 
additionally incarporates a dark cycle. The only acceleration, therefore, i s  
i n  the temperature, a l l  other environmental conditions being present in their 
natural occurrence and intensity. Xn summary, the OPTAR device  is considered 
to have the following advantages: 
(a) "uses natural sunlight, therefore avoidY the spect_ral distribution . $ 
problems encountered with a r t i f i c i a l  l i g h t  sources, 
(b) iises temperature to accelerate the photothermal reactions and is  
easily controllable, 
( c )  includes dark-cycle react ions  that are a natural part of f i e l d , .  
exposure, 
(dl includes dew and rain water extraction effects, 
(e) more c l o s e l y  resembles the environmental conditions experienced 
by solar modules, 
(2) e a s i l y  accomodates bath discrete m a t e r ~ d l s  and entire modules, and 
(g) may. be set a t  any temperature desired for the purposes of varying 
the acceleration rate or exrrapolating to lower temperatures; 
Blueprints used i n  the const ruct ion of the  OPTAR devices  were published i n  
a previous repart. (a1 
C. Predictive Modellinq 
A number of approaches t o  data modeling may be considered, t h e  simplest 
being first order behavior i n  which the log of  the property being neascred 
is l inear  over time. This relat ionship may be used easily for l i f e  prediction, 
[a) :lillis, "Investigatldn of T e s t  itethods, ?laterial Progerties and Processes, 
Eor solar Cell Znca~sulantsn, DoE/JPL 954527-27/84 
especially when the r a t e  cons tant  i s  Arrhenius i n  nature. Polymer 
degrada8tion is frequently a complex relationship of many competing 
chemical r eac t ions ,  however, and may s h i f t  dramatically with  s u b t l e  
changes i n  temperature, l i g h t  intensity, additives, etc. The behavior 
most f requent ly  observed is the Ifinduction perioda! type i n  which the 
degradation rate  suddenly changes t h e  property v s  time curve shows a 
sharp downward t rend.  The t i m e  to t h e  onset  of  t h i s  change is the in- 
duction period and is  o f t e n  used t o  measure t h e  e f f i c i e n c y  of ant ioxidants ,  
(isothermal DTA). This  approach was used i n  modeling the-OPTAR con- 
ditions with the i.ssumption t h a t  the mechanism of degradation is  con- 
sistent over  the 70'~ t o  1 0 5 ~ ~  range. 
Polypropylene was s e l e c t e d  a s  a model polymer for t h i s  test due to 
the  fact'that its induct ion  per iod ,  ti, is sharp and easily measured. 
Thistis shown as  a sudden drop i n  the elongat ion  a t  break. Tensile 
bars of uns tab i l i zed  compression molded polypropylene were placed on 
the OPTAR dev ices  a t  the t h r e e  temperatures and t h e  log of t h e  induction 
period measured a s  a funct ion  of reciprocal abso lu te  temperatuxe. The 
following graph shows t h a t  the  r e l a t i o n s h i p  is  l i n e a r  and a c l o s e  approxi- 
mation t o  the  Arrhenius function e x i s t s .  
OPT= Degradation oi PoLypmpylene 
hduc  t lon period, ti 
Bo~rs 
This data is extremely encouraging and suggests that wherever an 
induction period can be i d e n t i f i e d ,  the p o s s i b i l i t y  for predictive 
modeling exists .  Statistical extrapolation through these points 
t o  a mean ambient temperature of 20'~ gives a predicted l i f e  
( induc t ion  period) of 2,300 hours (three months), which is known 
to be the actual l i f e  of polypropylene in outdoor aging at the same 
exposure site.  This fact adds to t h e  c r e d i b i l i t y  of t h i s  method, 
however more data must be taken (and wi th  d i f f e r e n t  polymers) to 
thoroughly  validate this approach. 
D. Module Exposure 
The OPTAR devices were constructed mainly for the aging of experimental 
solar modules. Accelerated aging using t h i s  method should be useful  for 
studying the stability of the encapsulation package result ing from the 
combination of the individual components. If the aging module shows sum@ 
type of i n d u c t i o n  period phenomenon,then it may be possible to  pred ic t  
the module semkce l i f e  i n  a manner analogous to  t h a t  presented for poly- 
propylene. This method may 'also i n d i c a t e  t h e  maximum service temperature 
that can be tolerated over the des i red  thirty year life. 
Four types of "mini" modules were prepared o f  5Itx8.25" s i z e ,  each con- 
t a i n i n g  two interconnected 90 mm diameter solar cells (Solar Power Co;pur- 
at ion ,  Woburn, M A ) .  Each module consisted of the following components; 
(a) g lass  primed with 11861 primer, (b) the  EVA formulation, ( c )  the  ce l l  
pair, (d) the s e c o n d  layer of EVA, and ( e )  a back cover f i l m  of white 
Tedlar (200BS30WH) coated w i t h  68040 adhesive. 
. + .  
The modules were prepared by a vacuum bag l a m i n a t i o n  teclinigue and four 
EVA formulations prepared, each to test a formulation variablestas followsz 
Modules Under  Ex~osure 
Pottant 
Module Number Formulation No. 
EVA A9918 
EVA l6718A 
Description 
Standard Formulation: 
(Lupersol 101, W-531, Tinuvin 
770) 
Advanced EVA Formulation: 
(TBEC, W-2098, T i n u v i n  7 7 0 )  
EMA 16717 Advanced EMA Formulation: 
(TBEC, UV-2098, T i n u v i n  770) 
EVA 14747 Experimental EVA Formulation: 
(Lu~'.ersol 1171, tn'-2098, I; inui*in 
770) 
In addition, each module was prepared with a 1" x 0.75'' piece of un- 
treated copper mesh encapsulated in the pottant  to determine the sever- 
i t y  of copper activation effects, The modules were evaluated by v i s u a l  
inspection.  Tables of results appemar i n  the agpendix, pages 1 through 
12. 
The following table gives the general results of module performance on 
OPTAR reactors after 12,000 hours of exposure, 
OPTAR Exposure: Modules 
Number Pottant 
12,000 Hours 
Component 
16147-1 EVA A9918 Pottant 
Copper 
Glass 
Metalization 
16147-2 EVA 16718A Pottant 
Copper 
Glass 
Wetalization 
16710-3 EMA 16717 P o t t a n t  
Copper 
Glass 
Metalization 
16718-3 EVA 14747 Pottant 
Capper 
Glass 
Metalization 
A = discoloration 
B = broken/fractured 
C = corrosion (metal izat ion)  
D = delamination 
E = f l o w / m e l t  
1 = no  change 
2 = slight change 
3 = noticeable 
4 = moderate 
S = severe 
When aging effects were obsexved , t h e  f i r s t  change t o  be noticed was 
s l i g h t  discoloration in the vicinity of the copper mesh. This was also 
anticipated to be the first source of degradation. A t  70°c i t  is bare ly  
noticeable after 5,000 hours and is found i n  two modules (EVA A9918, 
EVA 14747). Apart from t h i s  s l i g h t  e f f e c t ,  t h e r e  a r e  no o t h e r  changes 
that can be observed i n  any of t h e  modules a t  t h e  70~~/12,000 hour 
condit ion.  
A t  90% t he  copper discoloration became no t i ceab le  i n  a l l  modules 
0 (both us ing Lupersol-101 as t h e  cu r ing  agent), and a t  105. C was. 
dramatical ly  v i s i b l e  i n  a11 four.  I n  addi t ion  t o  t h e  s t r o ~ g   range/ 
brorrn color around the copper mesh, s i g n s  of f l o t ~  of the p o t t a n t  could 
a l s o  be found, especially in the module using EVA A-9918. In t h e  
12,000 hour condition, a few other effects a l s o  became not iceable .  Some. 
d i sco lo ra t ion  (yellowing) of t h e  p o t t a n t  was found i n  the  module prepa;ed 
with  EVA 9918 and EVA 14747. Both of these formulat ions have the s imi la r -  
ity of being cured with  Lupersol-101, which sugges ts  t h a t  this curing 
agent might result  i n  s l i g h t l y  less photos table  compositions than the 
Lupersol-TBEC used i n  the other  two compositions. 
Also a t  90°c, .small amaunts of cor ros ion  (presumably) around t h e  inter- 
connects ,  .could be no t i ced  i n  the form of slight haze and yellowing. 
These a r e a s  are  very small, however, and do n o t  appear t o  th rea ten  t h e  
e l e c t r i c a l  functioning of t h e  module. Xnterestii:gly, these  "corrosion"-  
0 
ef fects  were not  not iced  i n  t he  105 C exposure. 
A t  t h e  1 0 5 ~ ~ / 1 2 , c ) 0 0  hour t e s t  p o i n t ,  dcgradat ive  effects were now quite 
not iceable .  The glass o u t e r  covers all showed meandering cracks due t o  
thermal shock, t h e  copper ca ta lyzed  degradation of  t h e  p o t t a n t  was s t r i k -  
ing  and  a l l  t h e  pottants showed some degree of d i sco lo ra t ion .  
NO broken cells ,  or change i n  t h e  electrical functions, was found in any 
of t h e  cal ls .  Of the four formulations tested, the least amount of 
change was found i n  the module fabricated with EVA formula 1671811. This  
is ab experimental "advencedll formulation cured with Lupersol-TBEC and 
containing the co-reacted W-2098 ultraviolet screener and Tinuvin-770 
HALS compound. These experiments have proven to be very useful In, 
(1) demonstrating the performarice enhancement of advanced Eormulations, 
and (2) showing t h a t  the  encapsulation components are much more stable 
when combined i n t o  a module than when exposed alone. This is  the 
purpose of encapsulation; to provide a combination of materials that 
mutually enhance each others se~vice l i f e  in order to maximize module 
performance. These experimental modules w i l l  continue under OPTAR ex- 
posure until total loss of electrical output is observed. 
JY-1 
IV. ADHESION AND PRIMERS 
A. Background 
Adhesives and primers are necessary for the high r e l i a b i l i t y  bonding 
of module interfaces t o  insure t h e  s tructurd i n t e g r i t y  and long life. 
The adhesion between t h e  pottant and o the r  components, i.e., s u b s t r a t e ,  
s u p e r s t r a t e  and o u t e r  cover, must h r ~ e  adequate bond s t r eng th  t o  hold 
t h e  moduie components together ,  but  i t j t l s t  a l s o  l a s t  for the se rv ice  life 
of khe module. Bond durabili2y is, themfore,  a key considerat ion.  
Work over  the past few yearh has emphasized h igh ly  successful primer 
formulat ions based on silane (o rgan ic / s i l i con)  compounds. 
A primer o p e r a t e s  by c r e a t i n g  a r e a c t i v e  chemical i n t e x f a c e  between two 
components, whereas an adhesive is a discreet compound t h a t  c o n s t i t u t e s  
a separate phase to which t h e  two o t h e r  components may bond. Primers 
have been emphasized i n  the  bonding studies due t o  e number of advantag& 
they present i n  use, P.rimers are (a)  used i n  exceedingly small quanti- 
t i e s ,  (b) are c o s t  effective, are ( c )  easily app l i ed  t o  su r faces ,  (d) 
function by the folmation of h igh  s t r e n g t h  chemical bonds, and (el mayh 
possibly be combined i n t o  the pottant systems to  e l imina te  the  priming 
step. 
Sllane coupling agents have the g e n e r a l  formula of: Y- (CH2) 3-Si- (OR) 
i n  which Y is a group t h a t  is f u n c t i o n a l l y  active with  the  polymer side- 
of the  i n t e r f a c e  and t h e  (OR) groups a r e  s h o r t  c h a i n  s i l y l  e t h e r s  t h a t  
r e a c t  wlth t h e  glass .  These e t h e r  groups must be hydrolyzed f i r s t  t a  
give  s i l a n o l  (Si-OH) groups t h a t  may then condense with  themselves and 
with the  hydroxyl groups on  t h e  g lass  surface. I n  p r a c t i c e ,  t h e  primer 
solu t ion  consists of a water o r  alcohol s o l u t i o n  containing about 1% of 
the a c t i v e  silane compound. This so lu t ion  is app l i ed  to t h e  surface t o  
be primed and permitted t o  dry .  The chemistzy is diagrammed as Follows: 
BONDING OF S !LANE COUPLI!IG AGENTS TO GLASS 
GENERAL STRUCTURE X 1 S POLYElER REACTIVE GROUP 
T R  I ALKOXY X Hz0 X a bIETHACRYLATE 
S I U N E  ,lo --A - OR I - ff0-Si-OH AMINE 
PHYS l CAL 
ABSORPTION 
I b 
OH EPOXY 
STYRENE 
SOLVEMT EVAPORATION 
AND HYDROGEf4 BOND I NG 
SURFACE 
POLYEIERI ZATI  OH 
After the  bond formation i s  cumplete it may be considered t o  be a ser ies  
of layers consisting of; 
(a) the bulk glass substrate,  
(b)  t h e  bonded interface between t h e  glass and the si lane p-imer, 
( c )  the condensed polysilaxane interphase, 
(d) the  interpenetrating netvork between t he  primer and t h e  palymer,a.nd 
(e) the bulk polymer phase.. 
The success of s i l a n e  coupling agents a s  primers for bonding polymers to 
m i n e r a l  surfaces is well documented and they are widely used i n  commercial 
practice. 
B. Bonding Diagnostics 
Although EVA and other pottant  materials have been e f f i c i e n t l y  bonded 
to  glass and o the r  module components, very little is known about the 
bond d u r a b i l i t y  and t h e  service l ife.  
L i k e  any other adhcsive bond, t h e w  interfaces may fail when exposed 
t o  overstress condit ions,  These stresses may be mechanical, chemical or 
a combination of t h e  two. Due t o  t h e  very low stress l e v e l s  t h a t  e x i s t  
i n  the solar module app l i ca t ion ,  t h e  degxadakion forces a r e  considered 
to  be primarily chemical i n  nature and result from exposure t o  h e a t  and 
moisture, 
T e s t  specimens were prepared t o  determine t h e  effects of  hydrothermal 
aging (heat and water )  on glass/primer/EVA bonds. These specimens .were 
designed for use i n  a p a r a l l e l  program in which t h e  decay of mechanical 
p r o p e r t i e s  (bond strength) could be measured with simultaneous spectros-  
copic i nves t iga t ion  of the  i n t e r f a c e  t o  fcl low t h e  chemistry. The specimens 
were prepared by di.spersing high lrLidings ~f extremely fine, essentially 
s p h e r i c a l  glass powder(a)in the EVA and curing as usua l  to "set" t h e  bond 
chemistry. 
The t e s t  specimens consisted of both primed and unpr imed glass  powders and 
both EVA (Elvsx 150) and"polyethy1ene were used as t h e  polymers. The glass 
powders were f i r s t  washed i n  d i l u t e  minera l  acid to remove a l k a l i n e  re- 
s i d u e s  on the surface, t h e n  dr ied  and  treated rrith u n t i l  a t b t a l  
of t w o  weight percent of active primer was deposited on  the  surface.  
(a) Potter's I n d u s t r i e s ,  IIasbrouck h e i g h t s ,  N.J. P r o d u c t  No. 5000. 
S p e r i c a l  A-glass powder, 400 mesh, mean particle diameter appx. 20 p ,  
mean surface area, 0,269 rn2/gm. 
(b) Springborn Labora tor ies  primer N o .  A1186l; c o ~ l s i s t i n g  of 90% Dow 
Corning 2-6030, 9% of Benzyl  dimethylamine c a t a l y s t  and 1% Lul-lcrsol 
TBEC peroxide. T h e s e  ac t ive  i n g r e d i e n t s  are d i s s o l v ~ d  i n  rncthyl 
alcohol t o  g i v e  a 1% solution. Equivalent to opl~ro:sirnatcly 100 
monolayers of silane. 
The treated glass was then used to prepare the following Eormulat ions:  
Adhesive Bondino Test Formulations 
18181-A 18181-B 
Elvax 150 (EVA) 100 100 
Chemplex 6230 palyethylene -- - - 
Lupersol TBEC 1.5 1.5 
Glass 17468-A (no primer) 110.8 -- 
18180-Primed glass beads -- 110.8 
Volume % loading 30% 30% 
Cure :  150~~/20 minutes - - - - - - -  all - - 
' ~ e n s i l e ' b a x s  were cut from cured molded plaques and then exposed t o  hydro- 
thermal agina conditions by immersion in water at t h e  following times and 
temperatures : 
Hydrothermal ~ g i n g  Conditions 
water ~emperature Hours 
100 250 500 1,000 2,000 5,000 
--- 
The test bars r e s u l t i n g  from these exposures were t h e n  tested fo r  mcchan- 
i c a l  p r o p e r t i e s  before and after  drying and small samples were also sent 
to Case Western Reserve University, Cleveland, Ohio f o r  spcctrwscopic 
examination. 
A spectroscopic method for examining the bond chemistry has Seen 
developed at Case Western and is  the topic of forthcoming papers. (c) 
T h i s  method employs "DRIFT" analysis, In which a d i f fuse - re f l ec tance  
c e l l  is  a t t ached  t o  an FTXR spectrometer.  T h i s  device measures t h e  
reflectance spectrum from t h e  surface i n  which t h e  i n t e n s i t y  of the  
ref lec tance  a t  a given wavelength is directly propor t iona l  to  t h e  
molar absorption of t h e  act ive species .  Studies  a t  Case Western have 
determined t h a t ;  
(1) a s  l i t t l e  a s  0.05% primer on the g l a s s  spheres  may be detected, 
(2 )  1% of the  primer (approximately 50 monolayers) appears t o  be 
a good measurement range, 
( 3 )  t h e  ?mine catalyst (benzyl dimethyl  amine) is extremely 
effective i n  condensing the  s i l a n e  a t  the  i n t e r f a c e  and re- 
s u l t s  i n  hydrothem,p,liy stable bonds, and 
(4 )  t h e  acrylate group of thst primer appears to polymerize dur ing  
the cure t o  form a n  i n t e r p e n e t r a t i n g  polymer network (IPN) with 
t h e  EVA polymer. 
Although the data is incomplete a t  this time, no major d i f f e r e n c e s  a r e  
found i n  t h e  spectra of t h e  hydrothermally aged specimens except for t h e  
apparent uptpke of water  i n  the  ma te r i a l .  This  is speculated to be water 
.- 
trapped a t  t h e  surface of t h e  glass/polymer interface and is f a i r l y  re-' 
sistant to drying. F u r t h e r  details will become a v a i l a b l e  as Case 1Jestern.- 
cont inues  their work. 
Springborn ~aboratories has almost completed physica l  measurements on the  
h y d x ~ t h e r m i ~ l l y  aged t e s t  specimens, The properties measured are: 
Modulus (1% s t r a i n )  
Ult imate tensile s t r e n g t h  
ultimate e l o n g a t i o n  
~ i m e n s i o n a l  change (length) 
Weight change (water  absorpt ion)  
(c) J.L. Koenig, E.P. Cuddihy,  .P. B. Willis "Spectroscopic Studies  af C h u ~ n i c a l  
Bonding for Tcrrcstria 1 Photovol t a i c  l.lodules", i jcnding ~ u b l i c a  tion. 
These measurements are tabulated for each temperature i n  t a b l e s  1 3  
through 18 i n  the  appendix.  I n  addition, a second  set of t a b l e s  i s  
included which gives t h e  results from a separate set of test specimens 
d r i e d  a t  105OC for  a period of 72 h o u r s .  The p u r p o s e  f o r  t h i s  was to 
determine t h e  extent t o  which the  bond s t r e n g t h  was reversible by sfmaply 
removing t h e  absorbed water. 
0 A t  40 C water i m m e r s i o n , l i t t l e  e f f e c t  was n o t i c e d  f o r  a l l  t h e  f o r m u l a t i o n s  
e x c e p t  for 18181-A (EVA c o n t a i n i n g  unprimed glass b e a d s ) .  Th i s  specimen 
s lowly  i n c r e a s e d  i n  w a t e r  absorption from +0.15% weight g a i n  after 100 
hours  to +51% weight  g a i n  after 2,000 hcurs. A p a r t  from a n i n o r  d e c r e a s e  
i n  e l o n g a t i o n ,  the p r o p e r t i e s  o f  t h i s  compound remained unchanged: The 
0 60 ' water immersions were found t o  be more s e v e r e , a n d  now both t h e  com- 
pounds with and without p r i m e r  began t o  respond. The EVA'containing 30 
volume % of g l a s s  beads g a i n e d  an enormous f2 ,000% i n c r e a s e  i n  w e i g h t  a t  
t h e  2,000 h o u r  test p o i n t .  The m e c h a n i c a l  p r o p e r t i e s  a l s o  s h i f t e d  drama- 
tically a t  t h i s  p o i n t  and t h e  compound l o s t  90% of i ts modulus, 96% of 
i ts t e n s i l e  s t r e n g t h  and  a b o u t  903 of i t s  e l o n g a t i o n .  The equivalent 
compound w i t h  primed g l a s s  o n l y  g a i n e d  +35% i n  we igh t , and  most o f  the other 
p r o p k r t i e s  wereqonly s l i g h t l y  affected. The e q u i v a l e n t  p o l y e t h y l e n e  
specimens ga ined  o n l y  3-4% water and wexe u ~ a f f e c t e d  by t h e  irnn~ersion.  I n  
t h e  case of EVA,the d i f f e r e n c e  between primed and unprimed glass filler 
is very n o t i c e a b l e  and s u g g e s t s  t h a t  t h e  p r o p e r t i e s  a t  t h e  i n t e r f a c e  
(adhesion bond) are r e s p o n s i b l e  for t h e  observed  e f f e c t s .  The next i r n ~  
mersion t empera tu re  was BOOC and resulted i n  r a p i d  d e t e r i o r a t i o n  of the 
EVA specimens c o n t a i n i n g  unprimed glass. After 500 h o u r s ,  t h e  specimen 
had i n c r e a s e d  500% i n  w e i g h t ,  and l o s t  80% of i t s  t e n s i l e  s t r e n g t h  and  
e l m g a t i o n .  Due t o  s o f t e n i n g  and tearing,  t h i s  specimen d i d  n o t  survive 
t h e  1,000 h o u r  immersion ",st p o i n t  a n d  w a s  removed from fuxther exposure .  
The EVA fo rmula ted  w i t h  primer b e a d s  g a i n e d  61% by weight o f  w a t e r  a t  the 
1,000 hour  tes t  p o i n t  and retained most  of its o t h e r  p r o p e r t i e s  reasonably 
well. A s  w i t h  t h e  p r e v i o u s  e x p e r i m e n t s ,  t h e  po lye thy lene  comltounds loaded  
wi th  primed and unprirned g l a s s  beads showed o n l y  s m a l l  g a i n s  from w,?ter 
I 
a b s o r p t i o n  and were v i r t u a l l y  unchanged. 
It appears t h a t  the s u r f a c e  of t h e  glass o r  the  i n t e r f a c e  between the  
glass and t h e  polymer is  e x t r e m e l y  h y g r o s c o p i c  and  is effective i n  
t r a p p i n g  large amounts of water i n  the polymer. The primer i s  o f  h e l p  i n  
i n h i b i t i n g  t h i s  and seems t o  g i v e  a t  least a t e n  fold reduc- 
t i o n  i n  t h e  amount of water absorbed. Water a b s o r p t i o n s  i n  t h e  b u l k  
polymer w i t h o u t  f i l l e r s  has been d e t e r m i n e d  i n  a p r e v i o u s  set o f  e x p e r i -  
ments. F o r  EVA, t h e  e q u i l i b r i u m  w a t e r  c o n t e n t  a t  40°c and 6 0 O ~  i s  i n  
t h e  o r d e r  of +0.3%. A t  8 0 O ~  pure EVA (Elvax 150) e q u i l i b r a t e s  a t  approxi-  
mately 1% b y  weigh t  w a t e r .  These w a t e r  a b s o r p t i o n  e x p e r h e n t s  i n d i c a t e  
that the glass/polymer i n t e r f a c e  is the r e g i o n  afiected, 
A second s e t  of  test bars from t h e  w a t e r  immersion tests were d r i e d  t o  
de te rmine  t h e  e x t e n t  of p r o p e r t y  r e c o v e r y  and g i v e  a n  i n d i c a t i o n  as to 
when permanent  and n o n - r e v e r s i b l e  damage had o c c u r r e d .  The r e s u l t s  of '  
t h e s e  experiments a r e  g i v e n  i n  tables  16 th rough  18 i n  t h e  appendix.  For 
0 t h e  40 C immersions,  a l l  t h e  spec imens  r e c o v e r e d  a l m o s t  a11 their o r i g i n a l  
0 properties. A t  60 C s i g n s  of permanent  damage now became a p p a r e n t  i n  the 
EVA q e c i m e n  f i l l e d  w i t h  unprimed g l a s s  beads.  A t  t h e  500 h o u r  p o i n t ,  t h e  
t e n s i l e  s t r e n g t h  decreased by 30%, and at the 2,000 h o u r  p o i n t  had d e c r e a s e d  
t o  65% of c o n t y o l .  About a 50% r e d u c t i o n  of e l o n g a t i o n  a t  break was a l s o  
found a t  t h i s  point. The o t h e r  EVA compound c o n t a i n i n g  primed glass re- 
covered mos t  of i t s  c o n t r o l  p r o p e r t i e s  upon d r y i n g .  The BO'C t e s t  spec- 
imens gave much t h e  same per formance  e x c e p t  now n o n - r e v e r s i b l e  effects - 
seem t o  s t a r t  a t  a f t e r  a b o u t  250 hour s  in t h e  unprirned glass/EVA specimen. 
primed E~T+/glass specimens s u r v i v e d  2,000 h o u r s  a t  t h i s  temperature w i t h o u t  
damage, 
Although s t i l l  i n  the e x p l o r a t o r y  stage, h y d r o t h e r m a l  aging of g l a s s  f i l l e d  
polymer c o m p a s i t i o n s  i n  showing promise  as  a new method for e v a l u a t i n g  t h e  
e f f e c t i v e n e s s  of p r i m e r s  a t  i n t e r f a c e s .  Good p r i m e r s  a p p e a r  t o  keep t h e  
water absorption a t  lower v a l u e s ,  affect other m e a s u r a b l e  p h y s i c a l  proper- 
ties and may i n d i c a t e  t h e  r e l a t i v e  level o f  hydrothermal damage t o  t h e  
a d l ~ e s i v e  bond by t h e  rcversibil i t y  upon drying . I f  t h e  s p e c t r o s c o l ) i c  
examinat ion o f  t h e s e  saecimens a t  Case Western Reserve g i v e s  d a t a  t h a t  
p a r a l l e l  these f i n d i n g s ,  t h e n  a new n o n - d c s t r x c t i v e  method for d i a g n o s i n g  
t h e  stability of a d h e s i v e l y  bdndcd i n t e r f a c e s  may have been d i s c o v e r e d .  
A. Approaches 
Flammability of s o l a r  c e l l  modules has been an area of growing i n t e r e s t  
for t h e  past two or three y e a r s .  Although s o l a r  modules themse lves  
contribute l i t t l e  t o  t h e  quantity of combustibile m a t e r i a l  i n  r o o f i n g  
s t r u c t u x e s ,  it h a s  been d e m o n s t r a t e d  t h a t  under c e r t a i n  c o n d i t i o n s  t h e y  
may play a role i n  r e d u c i n g  t h e  flame r e s i s t a n c e  of e x i s t i n g  r o o f i n g  
m a t e r i a l s .  Tn t h e  worsk case s c e n a r i o  (ground f a u l t  a r c i n g )  t h e y - c o u l d  
even serve a5 an i g n i t i o n  s o u r c e .  One of the  s t a n d a r d  tests f o r  t h e  
a c c e p t a b i l i t y  of r o o f i n g  materials w i t h  respect t o  fire codes is t h e  
U n d e r w r i t e r s  L a b o r a t o r i e s  UL-790 t e s t .  I n  part of t h i s  test procedure, 
a burning "brand" of wood is p l a c e d  d i r e c t l y  on t h e  s t r u c t u r e  observed.  
Different types of s o l a r  modules h a v e  been t e s t e d  u s i n g  t h i s  p r o c e d u r e  
and, i n  cases, t h e  r e s u l t s  have  n o t  been  f a v o r a b l e .  It a p p e a r s  t h a t  t h e  
p o t t a n t ,  when i g n i t e d ,  may r e s u l t  i n  t h e  s p r e a d  of fire. 
A number of approaches  t o  t h e  s o l u t i o n  of t h i s  problem are c o n c e i v a b l e ,  
i n c l u d i n g  (a) r e d u c t i o n  of the  amount of c a m b u s t i b l e  material used i n  
t h e  c o n s t r u c t i o n . o f  a module (b) t h e  i n c o r p o r a t i o n  o f  f i r e  r e t a r d a n t  
compounds t o  quench t h e  combustion and (c) the u s e  of c o n t a i n m e n t  tech- 
,- 
niques  t o  p r e v e n t  the b u r n i n g  components  from r e a c h i n g  t h e  r o o f  below .the 
module . 
(a) In t h e  f i x s t  idea, t w o  t e c h n i q u e s  ( o r  combina t ion  of t h e  t w o )  are 
f o r e s e e a b l e .  The flammable components of t h e  module ( p o t t a n t )  may 
be reduced by t h i n n i n g  t h e  p o t t a n t  layers. T h i s  may be p o s s i b l e  by 
s i m p l y  e x t r u d i n g  t h i n n e r  sheet compound from which t h e  module is 
constructed. If absolutely required,  the base resin of t h e  p o t t a n t  
could be changed t o  a lower melt index  m a t e r i a l  t h a t  could be cx- 
truded i n t o  a t h i n n e r  profile.  
Thinning the pottant is a major step towards removal of com- 
bust ible  materials i n  PV modules. Springborn Laboratories will 
determine the extent to which the pottant t h i c k n e s s  may be re- 
duced. The second idea is the use of inherentzy non-combustible 
materials.  For substxata designed modules, t h e  use of transparent 
fluorocarbon f i lms is a possibility. These m a t e r i a l s  are non- 
flammable and they would further reduce the amount of flammable 
organics in t h i s  type of c o n s t r u c t i o n .  These materials are probably 
too expensive for use as back covers i n  superstxate rnodbles where 
less e x p e n s i v e  opaque materials can be used. Spr ingborn  Laboratories 
w i l l  i r - v e s t i g a t e  the burning c h a r a c t e r i s t i c s  o f  f l u o r o c & r b o ~ l  films 
under c o n d i t i o n s  similar to those encountered in t h e  UL-790 test and 
provide recommendations for their use, if appropriate. 
(b) F i r e  r e t a r d a n t  compounds for use in polymers have been s t u d i e d  ex- 
. !  
t e n s i v e l y  and many highly e f f e c t i v e  c o m b i n a t i o n s  have been identified. 
Fire retardant chemistry is frequently a c h i e v e d  w i t h  a combinat ion of 
i n g r e d i e n t s  that serve t o  (1) d i l u t e  the amount of combustible material, 
(2)  ' r e l e a s e  w a t e r  of h y d r a t i o n  to smother  t h e  f lame,  and (3 )  compound(s) 
that quench the combustion c h e m i s t r y .  
The most effective additives are the quencher v a r i e t y .  T y p i c a l l y ,  t h e y  
consist of a combina t ion  of two or  more ehemYcals that react upon . .  
heating t o  produce strong f r e e  radical  terminators. These free radical 
reactive compounds are thought t o  i n t e r c e p t  the  act iv i ty  of the hydroxyl 
radical that is predominan t  in combustion. The ~ e l i  known combina- - 
t i o n  of antimony oxide and brominated phenyl compounds produces a n t i -  
mony tribromide fumes that serve this function. 
(c) The concept of containment is t h a t  flammable decompos i t ion  are n o t  per- 
mitted to leave t h e  module area and result i n  t h e  i g n i t i o n  of o t h e r  
structures.' Two approaches are employed here. The first is the con- 
t a i n m e n t  of t h e  depolymexized l i q u i d  p o t t a n t .  There is suggestion from 
previous experimental work t h a t  the simple inclusion of Crangeglas 
( a  non-woven glass cloth) serves to hold the f l u i d  components i n  p lace  
and c o n s e q u e n t l y  prevent dripping of flamnable material.  The second 
approach requires the containment of the  combustible gases 
r e s u l t i n g  from thermal decompor,ition and is not  as e a s i l y  implement- 
ed as the previous method. A high strength back cover material is  
proposed that has the 'ability to  retain the flammable gases and pre- 
vent them from serving as an igni t ion  source, Some experimental 
evidence suggests that t h i s  technique is e f f e c t i v e  and that  a back 
cover film of high tensile strength a t  elevated temperatures i s  re- 
q u i ~ e d .  Recently, some modules prepared with DuPont's "Kapton" 
polyimide f i lm were found to pass the UL-790 test procedure due to 
the fact that flammable gases were successfully preventzd froni es- 
caping. (I) Researchers at  Jet Propulsion laboratories have also 
been successful i n  loca t ing  a commercial source of (proprietary) 
back cover material that  passes the burning brand t e s t .  
B. Materials Testing 
Due to the success of high strength occ lus ive  back covers, experiments 
were conducted to measure tlieir strengths under high temperature conditions 
and determine the cr i ter ia  to which other candidate mater ia l s  c o u l d  be 
compared. This required the construction of a s p e c i a l  piece o f  equipment 
which is diagrammed as follows: 
( 1 )  R.S. Sugimuxa, D. H. Otth,  R.G. Ross "Developaent and Testing of Adv.mced 
Fire-Resistant  Phatovol taic Modules", Proceedings : Institute of E n v i r t ~ n -  
mental Sciences, 31st Annual Meeting, April 29th, 1985 
This apparatus f a  a high temperature burst ce l l  i n  which the rupture 
strength of candidate films may be determined. I n  use, the candidate  
film is clamped over t h e  top of t h e  chamber and apparatus is then placed 
i n  a circulating a i r  oven and permitted to come t o  temperature. The 
chamber is then pressur ized  and the  p r e s s u r e  required to burst the f i lm is 
recorded, !ho test procedures axe under  considerat ion:  a)  short term 
testing i n  which t h e  film is brought  to its u l t ima te  burst pressure  over 
a period of perhaps a Few minutes, and b) pressure endurance testing, i n  
which the time t o  burst a t  a fixed pressure is measured. Each may provide 
u s e f u l  information r e l a t e d  to the d u r a b i l i t y  of t h e  candidatle under a c t u a l  
f i re  condi t ions ,  
The initial t e s t s  conducted wi th  t h i s  apparatus were done with t h e  Kapton 
cover pass in5  class "B" burning brand test  and two other candidates.  The 
r e s u l t s  axe shown i n  the following table: 
High Temperature  Burs t  Test 
0 (bl Temperature, F 300 4 0 0  500 600 
0 Temperature, C 1 4 9  204 260 3 15 
- - - - - _ - - 3 - - c - - - c - - - - - - - - - - - -  
Mater ia l  Burst Point, p s i  
Kapton 4 m i l  > 50 40 30 20 
302 S t a i n l e s s ,  2 m i l  > SO >50 >50 >50 
Tedlar 200BS30WH < 5 <<5 J 0 (a) 
(a) The Tedlar  f i l m  chars r a p i d l y  a t  t h i s  temperature and rupures 
a t  much less than 5 psi of applied proessure.  
(b) These temperatures were selected on the basis of temperatures on 
t h e  back of a module dur ing  a class "B" brand burn t e s t .  
As expected, f i lms  such as stainless steel and Kapton retain very h igh  
burst strengths over t he  range of tempera tures  se lec ted .  A white p i y m c n t -  
ed grade of Tedlar  ( 2  m i l  t h i ckness ]  was attempted, however the  f i l m  dc- 
graded r a p i d l y  a t  the lowest ( 1 4 9 ~ ~ )  temperature and l o s t  v i r t u a l l y  a l l  its 
strength, This method should be u s e f u l  for  comparative evaluations of 
candidate fire r e t a rdan t  back cover films as they are discovered.  
The use of fire retardant additivss to lower the  f ~ a m m a b i l i t y  of 
p l a s t i c  materials is common practice, There a r e  t h r e e  genera l  ways t o  
xender a polymer less flammable: j.nhibit flame r e a c t i o n s ,  r e t a r d  can- 
densed phase reactions, and slowdown t h e  hea t  and mass transfer between 
the  two regions, 
B!f f a r ,  t he  most important  flame r e t a r d a n t s  are t h e  oxganic hal id*  
A mechanism which accounts  for most of the  effect, involves r e p l a c ~ m e n t  
of the  r a d i c a l  chain c a r r i e r s  with the l e s s  react ive.halogen atoms: 
H . + HBr > H + Br* 2 
The halogen r a d i c a l  produced slows down the  propagation and chain branch- 
ing r e a c t i o n s ,  reducing the o v e r a l l  r a d i c a l  concentrat ions.  T h i s  i s  
espec ia l ly  t r u e  i n  the r e l a t i v e l y  cool par t  of the flame, where the dif- 
ferences i n  r e a c t i v i t y  a r e  greatest. The leading edge of t h e  flame is 
thus most suscept ib le  t o  i n h i b i t i o n .  When t h e  halogen does react, it 
regenerates HX fo r  f u r t h e r  i n h i b i t i o n :  
The inorganic haldgen compounds are almost always used with synergists 
- 
t h a t  g r e a t l y  improve t h e i r  effectiveness. The best known and mast ef- 
f e c t i v e  synergist is  antimony oxide ,  which i s  known t o  generate the 
intermediate con~pound SbBr under high temperature conditions t h a t  se rves  3 
a s  a potent f r e e -  r a d i c a l  te rminator .  
Additive formulations to t h e  EVA have been developed t o  provide f i r e  re- 
taxdancy t o  t h e  back l a y e r  behind  t h e  c e l l s .  These forinulations are 
based on w e l l  documented composit ions known t o  be effective i n  polyole-  
fins. The formulations are as fo l laws:  
Elvax I50 
TBEC 
Antimony Oxide 
Decabrornodi- 
phenyl Oxide 
Aluminum 
Trihydxate 
Calcium 
Sulpha te  
Zinc Borate 
Trial Fire Retardant EWA Formulations 
No. 19510 -- 
UL94 Data 
Bum Time;' sec. 0 6.7 3.44 2.0 0 0 0 
(1st) 
Dripping? Y e s  Yes Yes Yes no no no 
UL94 rating V- 2 NR V-2 NR V-l NR** V-0 
ASTM D-2863 
Oxygen Index,$ -- -- 
* Craneglas 230 ( 3  ml} used as non-woven glass mat filler by compression 
molding. 
** Failed second ignition t e s t .  
The i n i t i a l  screening tests used for f ire r e t z r d a n t  formula t ions  is the 
UL-94 test developed by Underwriters ~aboratories for p l a s t i c s  m a t e r i a l s  
used i n  electrical devices and app l i ances .  It c o n s i s t s  of exposing 
specimens t o  two success ive ,  10-second i g n i t i o n s  fxom a 3/4-inch Bunsen 
t 
gas-burner flame. Specimens a r e  then c l a s s i f i e d  according t o  the  time 
it takes  fo r  the  flame t o  ex t ingu i sh  and t h e  l eng th  of time a ly "a f t e r -  
glow" persists. Results are r a t e d  i n  t h r e e  ca tegor ies :  V-0, extinguish-  
ment t i m e  0 t o  5 seconds, a f t e rg low time O t o  30 seconds, no flaming 
drips; V-1, extinguishment time 6 t o  25  seconds, a f t e rg low t i m e  0 to 60 
seconds, no flaming d r i p s ;  and V-2, extinguishment time 0 to  25 seconds, 
afterglow time 0 t o  60 seconds, f laming d r i p s  permitted. 
Of these  f i r s t - c u t  formula t ions  on ly  one passed the UL-94 t e s t  with a 
V-0 r a t i n g  (self ex t ingu i sh ing  i n  v e r t i c a l  p o s i t i o n ) .  This  compound 
(19510-G) consis ted  of EVA with a 50% by weight loading of fire xetar- 
. . 
dank a d d i t i v e s  and compression molded with non-woven g l a s s  c l o t h  t o  pre- 
vent dripping.  This' r e s u l t e d  i n  a smooth white f l e x i b l e  sheet  e a s i l y  
usable back l aye r  of p o t t a n t  i n  a module. This  composition was f u r t h e r  
evaluated by ASTM D-2863 Limiting Oxygen Index. This test d e ~ e r m i n e s  the 
percent  of oxygen required t o  sustain burning of t h e  t e s t  specimen and is 
widely used throttrjhout t h e  plastics i ndus t ry .  The r e s u l t s  for this com- 
pound i n d i c a t e  a .L i rn i t ing  Oxygen Index  of 30%, a value  appraximately 
equal  t o  s i l i c o n e  rubber. T h i s  v a l u e  is f a i r l y  high for a polyolef in  and 
is an encouraging s i g n  t h a t  f i re  r e t a r d a n t  EVA formulat ions may f u r t h e r  
add t o  d e c r e a s e t h e o v e r a l l  f lammabi l i ty  of s o l a r  modules. For  comparison- 
Limiting Oxygen Index Values f o r  commercial pdlymers a r e  given as  follows: 
Polymer 
Polyethylene 
EVA 
Polys tyrene  
Polycsshonate 
S i l i c o n e  Rubber 
Polyvinyl  Chlor ide  
Carbon (Electrode)  
Teflon (PTFE) 
Oxygen Index,% - 
17.4 
18.0 
18.1 
27 
30-32 
45-58 
63 
95 
VI . DIELECTRIC PROPERTIES 
Pbttar i ts ,  o u t e r  cover films, back cover films and other cornponcints used 
i n  the cons t ruct ion  of photovol ta ic  modules must perform a variety  of 
functions,  onz of which i s  e l e c t r i c a l  i s o l a t i o n .  I n  addition t o  provid- 
ing a shock hazard, a short may also r e s u l t  i n  damage t o  t h e  r e s t  of t h e  
module from arcing or i g n i t i o n  of t h e  encapsulat ion.  Encapsulation nrater- 
i a l s  m u s t  then  be able t o  r e t a i n  accep tab le  l e v e l s  of i n s u l a t i o n  i n  order 
t o * ( a )  prevent  direct s h o r t i n g  of e l e c t r i c a l  components, (b) prevent 
stray currents  that may r e s u l t  i n  e l e c t r o c o r r o s i o n ,  and (c) provide glec- 
trical i s o l a t i o n  for s a f e t y  reasons. 
I n  order t o  insure  r e l i a b i l i t y  it is necessary  t o  determine, n o t  only the  
d i e l e c t r i c  s t r e n g t h  and requixed t h i c k n e s s  fLr adequate i n s u l a t i o n ,  b u t  
a l s o  the  v a r i a t i o n  of  t h i s  i n s u l b ~ i o n  value w i t h  aging and environmental 
exposure. 
A DC power supply was purchased for t h e s e  measurementsaa and was equipped 
for  adjustable rate  of rise, adjustable overload c u r r e n t  and a "memory" 
meter t o  record  the  vol tage  a t  breakdown. A s p e c i a l  t e s t  jig was prepared 
from a c r y l i c  s h e e t s  separated by ceramic spacers  with a p la t form of a c r y l i c  
i n  the c e n t e r  to support the  films under t e s t .  Two e l e c t r o d e s ,  one upper 
and one lower,were mounted i n  t h e  a c r y l i c  s h e e t s  and wired  t o  t h e  power 
supply with h igh  tension wire. The e'.?ctrodes were made from l / 4  inch 
round brass rod with pol ished spherical (0,125" r a d i u s )  t i p s .  A plot of 
the DC breakdown voltage,  V i n  v o l t s  v e r s u s  thickr.rss ( i n  m i l s ) ,  was found . 
t o  be l i nea r  and the  slope of the l i n e  i s  considered t he  i n t r i n s i c  d ie lec -  
t r i c  s t r e n g t h  i n  vo l t s /~n i l .  b. 
a. 830B High Voltage Pow&, Sr~pply, Hipotronics, Inc., Brewster, N.Y. 
Vol tage  range: 500 to  32,000 v. Rise rap&: 100 v/sec. zo 1.5 Kv/sec; 
DC ripple 0.5% of o u t p u t .  
b. X t  m u s t  be noted t h a t  DC behavior is  qu'te different:  t h i n  AC behavior.  
I n  AC d i e l e c t r i c  testing the average q i e l e c t r i c  s t r e n g t h  (vol ts /mi l )  
increases w i t h  decreasing thickness and Is p ropor t iona l  t o  the square 
root  of  t h e  thickness. Only p l o t s  of t h e  log of t h e  dielectric strength 
versus the log of t h e  thickness are linear, and have a s lope  of roughly 
-0 .5 ,  
Films i n  t h e  ranges of approximately 2 to 8 m i l s  of th ickness  wexe pre- 
pared and many trials of measuring t h e  breakdown vol tage  were performed. 
When an adequate supply of films and th icknesses  were obta ined,  twenty 
carefully controlled measurements wexe made of DC breakdown voltage a t  
500 v/sec rate of rise. The measurements are recorded and analyzed i n  the  
tables i n  the appendix, pages 19 and 20. S t a t i s t i c a l  a n a l y s i s  of t h e  
data gave t he  following values: 
Slope = 3.48 K v D C / m i l  
In te rcep t  + 1.03 KvDC (t=O) 
Corre la t ion  Coefficient = 0,939 
The c o r r e l a t i o n  coefficient being close to 1 ind ica te s  a very close f i t  of 
t h e  points  t o  a straight line relationship, i n  which t h e  slope of t h e  l i n e  
i s  found to be 3,480 volt /mil .  T h i s  may be considered t o  be t h e  DC 
i n t r i n s i c  d i e l e c t r i c  s t r ~ n g t h  of EVR. A curious r e s u l t  of this experiment 
is t h a t  the  intercept ( t h i c k n e s s  = 0) has a value of 1,030 v o l t s  ins t ead  
of passing through the o r i g i n ,  as would be expected, Apart from the  pos- 
sibil ity of measurement errors, t h i s  observation may r e s u l t  from some other 
phenomenon such as surface charging or the presence of a forward breakdown 
threshold voltage, as is four,d fo r  s e m i  conductor junct ions .  
The apparatus artd measurement techniques  f a r  determining the intrinsic 
dielectric s t r e n g t h  i n  EVA and other polymers has been developed and t h e  
results appear to be accurate and reproducible. The n e x t  task w i l l  be to 
determine how t h i s  essent ial  property varies d u r i n g  aging and assess t h e  
e f f e c t  o n  long tern performance of t h e  module. 
~etesting of aged specimens w i l l  be u s e d  to determine the effects  of s i n g l e  
aging var iab les  on t h e  intrinsic die lec t r i c  property and v a r i a t i o n s  in t h e  
constants  appearing i n  the above equation. Changes in the intrinsic di- 
e l e c t r i c  property with respect to  the  t he rma l  aging, hydrolytic a g i n g ,  
moisture absorption, l i g h t  exposure and the incorpora tion of s tabi  1 i::crs 
and a d d i t i v e s  will be determined. 
One of the other system s t r e s s e s  is t h e  presence of e l e c t r i c a l  p o t e n t i a l  
itself .  The con t inua l  presence of an applied vol tage  may result i n  t h e  
g r a d u a l o n s e t o f  d ic lact r ic  breakdown mechanisms and may r e s u l t  i n  a  "stress 
endurance" curve. Springborn Labora to r i e s  w i l l  plot this endurance curve 
by measuring the time t o  failure at a variety  of stress levels. T h i s  data 
may then be plotted as l o g  time to f a i l u r e  as a funct ion  of stress l eve l ,  
and may f u r t h e r  be used t o  determine safe  opera t ing  voltages f o r  the  se rv ice  
l i f e  of t h e  module. A voltage Level may also result from t h i s  experiment 
brlow which no breakdown occurs at a l l .  
. 
Xn actuz.1 opera t ing  cond i t ions ,  t h e  encapsula t ion  components w i l l  be exposed 
t o  mul t ip le  stresses simultaneously. A special test chamber w i l l  he con- 
s t r u c t e d  t o  permit t he  d i e l e c t r i c  test measurements t o  be performed with com- 
b ina t ions  of hea t ,  atmosphere, humidity and voltage stress. These exper&; 
ments should provide r e l e v a n t  information concerning (a) t h e  i n t r i n s i c  d i -  
e l e c t r i c  s t r e n g t h  o f  candi.date encapsula t ion  mate r i a l s ,  (b) determine which 
aging stress has the g r e a t e s t  effect on t h e  i n s u l a t i o n  performance of a 
given m a t e r i a l ,  (c) determine what combinations of stresses r e s u l t  i n  s igni -  
ficant r educ t ions  i n  performance, and (dl provide information t h a t  may be 
used to guide engineering dec i s ions  concerning m a t e r i a l s  s e l e c t i o n  and di-  
mensions. 
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VIX. ANTI-SOILING TREATMENTS 
The power output  of photovoltaic modules is  rcduced by t h e  accumulation 
of s o i l  on t h e  su r face .  The l o s s  is  due t o  shadowing of the  cel1,and 
1.osses of several percen.k may r e s u l t .  To rilinimize performance l o s s e s  caused 
by soiling, pho tovo l t a i c  modules not  on ly  should be deployed i n  low-soil ing 
geographical  areas, but  a l s o  should have s u r f a c e s  o r  surfaci , lg m a t e r i a l s  with 
l o w  a f f i n i t y  for s o i l  r e t e n t i o n ,  maximum s u s c e p t i b i l i t y  t o  n a t u r a l  removal 
by winds, rain, and snow; ab1d should be readily cleanable  by inexpensive 
maintenance techniques. 
The t h e o r e t i c a l  aspects of soiling have been addressed i n  documents by t h e  
Je t  Propulsion ~aborator~!'~ 3'The basic f ind ings  of these studies show 
that t h e  r a t e  of s o i l  accumulation ip the same geographical  area i s  m a t e r i a l  
independent and that r a i n f a l l  funct ions  as a n a t u r a l  c l ean ing  agent.  The 
e f f e c t i v e n e s s  of t he  c l e a n i n g  e f f e c t  of t h e  r a i n  is  m a t e r i a l  dependent, how- 
ever. 
Based on the  postulatedmechanisms f o r  s o i l  r e t e n t i o n  on su r faces ,  c e r t a i n  
c h a r a c t e r i s t i c s  o f  low-soil ing surfaces may be assumed. They a r e ,  (a) hard,  
(b) smooth, (c) low i n , s u r f a c e  energy, (d) chemically c l enn  of water s o l u b l e  
salts, and ( e )  chemically clean of sticky mater ia ls .  It is  poss ib le  that cost 
+ 
effective coatings having t h e s e  properties may exist and be apz l i ed  t o  s o l a r  - 
module surfaces.  This may r e s u l t  i n  low maintenance costs and preserve  t h e  
e f f e c t i v e  genera t ion  of power from t h e s e  modules. 
1. cuddihy, E. F., " ~ n c d p s u l a t i o n  Mate r i a l s  Status to  December 1 9 7 9 " F S A  
project Task Report 5101-144, Jet Propulsion Laboratory, Pasadena, CA 
January 15, 1980. 
2. Hoffman, A. R., and Maag, C.R., "Airborne Particulate Soi l ing  of Terrestrial 
Photovoltaic Modules and Cover Materials", Proceedings of the I n s t i t u t e  of  
Environmental Sciences, May 11-24, 1980; Phi ladelphia ,  PA. 
3. Cuddihy, E.F., and W i l l i s ,  P.B, "Ant i so i l ing  Technology: Theories o f  Surf .~cc  
Soi l ing  and Performance of  A n t i s o i l i n g  Surface Coatings" FSA Project Report . 
5101-251, Je t  propulsion Laboratory, Pasadena, CA., November 1984 
Over the past: few years Springborn Laboratories  has evaluated  the effective- 
nesn of low surface energy treatments applied to candidate outer cover materials 
for use in solar modules. These candidate niaterials  current ly  consist of low- 
iron glass, Tedlar fluorocarbon ~ilm'(100BG30UT, DuPont) and a biaxial ly-  or ien ted  
acrylic film (Acrylax; product X-22417, 3M Corp,) . These m a t e r i a l s  are all rela- 
tively hard, smooth and free of water soluble residues. Experiments were conducted 
to determine i f  an improvement i n  s o i l i n g  resistance could be obtained by the 
application of l o w  s u r f a c e  energy t rea tments .  
A survey of coating materials  showed t h a t  very few commercial materials  exist 
that  could be u s e f u l  for t h i s  purpose and that  some experimental cornpQunds had 
to be synthesize3.  
The an t i - so i l ing  experiments i n i t i a l l y  used seven t r ea tmen t s  t h a t  included 
fluorocarbons, a c r y l i c s  and silicone-based materials .  A f t e r  the f i r s t  year 
of exposure it became clear t h a t  a number of candidates  were ineffective and 
were consequently discontinued. Four treatments ware continued i n  order 
I , .  
to assess the l ong  term performance i.r an outdoor s o i l i n g  environment, as 
fol lows:  
1. E-1668, an experimental fluorochernical s i l a n e  produced by 3 M  Corporation 
that is used to impart water  and o i l  repellency t o  glass surfaces.    his 
mater ia l  i s  not y e t  commercial. 
2 .  L-1668 foi lowing treatment of t he  surface with ozone a c t i v a t i o n  ( f o r  tihe 
organic f i l m s  only ) .  
3. Dow Corning E-3820-103B, and exper imenta l  treakment consisting o f  per- 
fluorodecanoic acid coupled to a silane (2-6020). This conpound i s  not 
commercially a v z i l a b l e ,  b u t  is e a s i l y  prepared. 
4.  The E-3820-1038 following surface t rea tment  w i t h  ozone to  create act ive  
s i t e s  on t h e  organic polymer f i l m s .  
These candidates  c o n s i s t  of two surface coa t ings ,  bu t  four treatments. Each 
coa t ing  is app l i ed  wi th  and without surface treatment with  ozone i n  order to  
activate bonding chemistry at the  surface and enhance adhesion. N o  ozone trcat-  
ment is used with the glass because surface activation i s  not required i n  t h i s  
case. 
These c o a t i n g s / t r e a h e n t s  were applied t o  each of the three c? kdidate outer 
s u r f a c e s  using t h e  recommended a p p l i c a t i o n  technique. Z'he o r g a n i c  film ma- 
terials Tedlar and Acrylar wexe supported by a piece of glass on t h e  underside,  
and at tached with a c o l o r l e s s  and u l t r a v i o l e t  stable pressure sensitive adhesive. 
 he completed tesi coupons were then mounted i n  outdoor racks an t h e  roof of 
Springborn Laboratories1 facilities i n  ~ n f i e l d ,  Connecticut.  Evaluat ion i s  per- 
formed monthly and a record of r a i n f a l l  is a l s o  kept i n  o r d e r  t o  c o r r e l a t e  soil- 
ing effects with  p r e c i p i t a t i o n ,  
The degree of s o i l i n g  on the completed specimens was measured by power trans- 
mission using a s p e c i a l l y  des igned s tandard  ce l l  device. This instrument 
measures the drop i n  short circuit current, I,=, when the s a i l i n g  specimen is 
p laced  between the standard cell and the l i g h t  source. This  value i s  then  
compared t o  c o n t r o l  and t h e  percent decrease  ca lcula ted .  
The r e s u l t s  of 46 months of outdoor exposure a r e  shown g r a p h i c a l l y  i n  pages 
2 1  through-23 of  t h e  appendix. Only the best treatment and t h e  c o n t r o l  values 
are p l o t t e d ,  f o r  c l a r i t y .  Thr data reveals t h a t  fluctuating power t ransmiss ions  
are found f o r  a11 specimens. The degree, 'of  l o s s  varies according t o  the  type 
of surface  t rea tment  and t h e  p a r t i c u l a r  month of  exposure. 
Sunadex g lass ,  and t h e  t rea tments  app l i ed  t o  it, gave specimens with t h e  best 
o v e r a l l  inherent  s o i l  &sistance. The c o n t r o l ,  and most of t h e  coated specimens, 
followed the same pattern of r i s i n g  and f a l l i n g  simultaneously throughout t h e  - 
exposure period i n  agreement with the amount of rainfall. The win te r  months 
showed a dramatic decrease i n  power i n  a11 cases. A cons tan t  d i f f e r e n t i a l  was 
found between t h e  control measurements and t h e  most e f f e c t i v e  coat ing ,  a s  may 
be seen i n  the  figure, page A-21. 
The best overall coat ing  for Sunadex is found t o  be t h e  compound designated 
E-3820 and gives reductions i n  I t h a t  are .5 t o  1% higher than the untreated 
SC 
control specimen. These r educ t ions  are c o n s i s t e n t  t!lroughout the  exposure l lcriod 
u n t i l  about t h e  4Gth month, after which t h e  untreate~'  c o n t r o l  begins t o  show 
b e t t e r  transmission than any of the treated specimens. A t  the 46  month mcasurc- 
ment point the  final values  w e r e :  
Sunadex, 46 Months 
Control 
L-1660 
E-3820 
The greatest improvement in anti-soiling performance was found when candidate 
treatments were applied to the organic outer cover films, The Acxylar acqrlic 
films normally sdl very badly. Throughout the 46 month exposure period the 
Acrylar control measurements showed X losses i n  t he  order of 7% to 12%. A 1 1  
SC ." 
the treatments applied to Acrylar gave significantly improved performance. 
The values at the 46 month point were: 
Acrylar, 46 Months 
Control -9.0% 
L-1668 -5.3% 
Ozone,then L-1668 -3.3% 
E-3820 -6.5% 
ozone,then E-3820 -1.9% 
The best treatment is clearly the  E-3820 following ozone act ivat ion  of the  film 
surface. The improvement is dramatic, as is shown in the graph on page A-22. 
The improvemen.t: i n . r e t e n t i o n  of I values is very consistent: and in the order 
sc 
of 5% to  7% throughout the  entire exposure period. Additionally, treatment. 
with t h i s  compound keeps the tramsmission loss through Acrylar a t  a very 
tolerable 2% to 4%. 
The third, and last, candidate outer surface to be investigated was Tedlar 
(100BG30UT), a transparent UV absorbing film of poly(viny1 fluoride) manufac- 
tured by DuPont. As with the Acrylar f i l m ,  this material was mounted on glass 
squares with a pressure sensitive acrylic adhesive and deployed with the usual 
series of coatings/txeatrnents. The control degraded s t e a d i l y  in power c h r o u r j l i ~ ~ u t  
reaching almost 9% loss in the tenth month and slowly recovered to a 4% to 69 
Loss that varied over the exposure period. 
For Tedlar 100BG30UT, the best t rea tment  was found t o  be t h e  E-3820 per f luoro-  
d e e a n o i c  acid-based, adduct and appeared to  woxk t h e  best when t h e  Tedlar  film 
was - n o t  pretreated w i t h  ozone. A t  the end of the 46 month exposure period 
t h e  fol lowir~g values were found:' 
Tedlar, 46 Months 
Contro l  -4.7% 
L-1668 -3.4% 
Ozone, then L-1668 -3.4% 
E-3820 -2.6% 
Ozone, then E-3820 -5.9% 
Treatment with plain E-3820 solution gave values c o n s i s t e n t l y  2% to  5% b e t t e r  
than those of t h e  control .  
~ x a m i n a t i o n  of t h e  da ta  t r e n d s  i n  s o i l i n g  show t h a t  t h e  low p o i n t s ,  i n  t h e  
tenth and twent ie th  months, correspond t o  periods of l i t t l e  r a i n f a l l .  These 
are the winter months i n  Enf ie ld  where there is almost no rain and the pre- 
c i p i t a t i o n  occurs as snow, which is no t  found t o  have any c leaning a c t i o n  on 
t h e  specimen surface .  A l l  t h e  specimens begin t o  regain  t h e i r  t ransmiss ion 
and I values as t h e  Spring rains occur in the  months of A p r i l  through June .  
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The rainfall d a t a ,  which c o r r e l a t e s  w e l l  wi th  the  f l u c t u a t i o n s  of s o i l i n g  d a t a ,  
is given i n  page A-21. 
I n  summary, low su r face  energy t r ea tmen t s ,  based a n  f l u o r o s i l a n e  chemistry,  
appear $0 be effective i n  retarding t h e  accumulation of s o i l  on candidate o u t e r  
s u r f a c e s  of i n t e r e s t  i n  module cons t ruc t ion .  The most success fu l  t r ea tmen t s  
i d e n t i f i e d  t o  date are: for Sunadex and Tedlar, E-3820, f o r  Ac.rylar, ozone 
pre t rea tment  followed by E-3820. This surface coating i s  based on expensive 
fluorochernicals,  however it should prove t o  be c o s t - e f f e c t i v e  due t o  the 
extremely small amount t h a t  is applied t o  t h e  surface. This  coating appears 
to  be effective where there are weather condi t ions  t h a t  r e s u l t  in " n a t u r a l  
cleaning" of t h e  surface, and it seems t h a t  a certain amount of r a i n  i s  r e q u i r e d  
t o  keep the  l i g h t  t ransmission high. 
VIII. OUTER COVER MATERIALS 
2 Due to t h e  r e l a t i v e l y  high cost: of glass (appx. $0.90/ft ) and t h e  low cost of 
2 2 
s t r u c t u r a l  ma te r i a l s  such as  s t e e l  ($0,25/ft ) and wood products  ($0.15/ft  ) , 
s u b s t r a t e  designs o f f e r  a potent ia l  c o s t  advantage i n  the  cons t ruct ion  of PV 
modules. With t h e  use of wood or mild s tee l  and additional cost component 
w i l l  be required f o r  environmental p r o t e c t i o n ,  however t h e  composite c o s t  is 
still imagined t o  be considerably lower than t h a t  o f  a g l a s s  surfaced supex- 
strate module. In s u b s t r a t e  des igns ,  the cel l  s tr ing  is supported from the 
unders ide ,  leaving the  ce l l  string and p o t t a n t  exposed on the  o u t e r  s u n l i t  
side. 
Soft elas tomer ic  ma te r i a l s  must be used for p o t t a n t s  i n  o r d e r  to  prevent cxack- 
i n g  of the  s i l i c o n  c e l l s  due to stresses r e s u l t i n g  from thermal expansion d i f -  
ferences. Sof t  m a t e r i a l s  are prone t o  s o i l i n g  and dust r e t e n t i o n  which reduces 
the l i g h t  t ransmission and impairs the module e f f i c i ency .  Nard coat ings  a r e , . .  
t h e r e f o r e ,  d e s i r a b l e  to avoid t h i s  problem, Addi t ional ly ,  the  funct ion  of W 
sc re&ing  i s d e s i r a b l e  i n  order to  reduce t h e  e f f e c t s  of p h o t o l y t i c  degradation 
and provide t h e  maximum use fu l  l i f e t i m e  for t he  p o t t a n t  and other components. 
The properties of an idea l i zed  o u t e r  cover may be s t a t e d  a s  follows: 
(1) High o p t i c a l  t ransparency;  
(2 )  compatible r e f r a c t i v e  index p r o p e r t i e s  that favor optical coupling1 
(3)  compat ib i l i ty  with e i t h e r  the  p o t t a n t  or  a s u i t a b l e  primer t o  insure  a , -  
high r e l i a b i l i t y  bond t h a t  w i l l  l a s t  the useful l i f e t i m e  of the  module; 
(4)  i n h e r e n t  w e a t h e r a b i l i t y ;  
(5) u l t r a v i o l e t  l i g h t  screening properties t o  p r o t e c t  t h e  underlying po t t an t ;  
( 6 )  a n t i - r e f l e c t i v e  p r o p e r t i e s  t o  increase t h e  t o t a l  l i g h t  t ransmission;  
(7) r e s i s t a n c e  to prevent loss of m a t e r i a l  or  s u f f i c i e n t  haze t o  impair t he  
transmission c h a r a c t e r i s t i c s .  
I n  accordance wi th  these requirements, Springborn Laborator ies  has continued 
t o  evaluate t r ansparen t  weatherable organ ic  f i lms  and coa t ings  that have t h e  
ability t o  screen out W l i g h t .  Many of the candidate  p o t t a n t  compounds do 
n o t  appear to need t h i s  W p r o t e c t i o n  h ~ w e v e r ,  and seem t o  be remarkably resis- 
t a n t  t o  photodegradation. The R S / 4  sunlamp exposure, n o r m a l l y  reqarded as severe 
In accordance w i t h  these requirements, Springborn Labora tor ies  has continued 
t o  evaluate t r ansparen t  weatherable o rgan ic  films and coa t ings  t h a t  have the  
a b i l i t y  t o  sc reen  out  W l i g h t .  Many of the  candidate p o t t a n t  compounds do 
not appear to need t h i s  W p r o t e c t i o n  however, and seem t o  be remarkably re- 
sistant t o  photodegxadation. The RS/4 sunlamp exposure, normally regarded as 
s e v e r e  i n  t h e  polymer indus t ry ,  r e s u l t s  i n  f a i l u r e  of  unprotected EVA 9918 
only a f t e r  40,000 hours. This  is a remarkably long time and i n d i c a t e s  a high 
r e s i s t a n c e  t o  YV degradation. If t h e  photo1yti.c effect: i s  n o t  considered t o  
be a problem then the  i n v e s t i g a t i o n  o f  s u i t a b l e  outer covers may now be expand- 
e d  t o  include f i lms  t h a t  do n o t  have W sc reen ing  p r o p e r t i e s .  The appeadixed 
t a b l e  (no. 24) is a survey of commercially a v a i l a b l e  non-screening o u t e r  covec 
2 films. The two most important  f a c t o r s  are c o s t  ($ / f t  /mil) and the power 
transmission.  
/ 
Two promising f i l m s  are o r i e n t e d  Kynar (Pennwalt Corp.) and FEP ( D u ~ o n t ) .  
Kynar i s  now.being marketed as  a t ransparen t ,  weather- res is tant  f i lm designed 
f o r  s o l a r  energy appl ica t ion .  This strong, tough, f a t i g u e  r e s i s t a n t  film i s  
p a r t i c u l a r l y  u s e f u l  for s o l a r  c o l l e c t o r s ,  s o l a r  stills, and  greenhouse glazing. 
Kynar PVPF is  except ional ly  stable t o  u l t r a v i o l e t  r a d i a t i o n  and its mechan ica l  
p r o p e r t i e s  are maintained throughout many years of outdoor exposure. The man- 
u f a c t u r e r  claims t h a t  oriented Kynar film on accelerated weathering t o  an 
equ iva len t  of 16 t o  28  years  exposure, l o s t  2-5% of i t s  o r i g i n a l  specular txans- 
m i t t a n c e  and showed only i n s i g n i f i c a n t  change i n  mechanical p roper t i e s .  ~dd$tXan- 
a l l y ,  i t s  lower r e f r a c t i v e  index than a c r y l i c s  o r  Tedlar  films should be an 
advantage i n  o p t i c a l  coupling t o  increase  the  t r ansmi t t ed  l i g h t .  The idea of 
o p t i c a l  coupling t o  improve t h e  throughput of power i s  also a considera t ion .  
L i g h t  entering any combination o f  m a t e r i a l s  i n  which t h e r e  is a d i s c o n t i n u i t y  i n  
t h e  index of r e f r a c t i o n  w i l l  result i n  a p a r t i a l  r e f l e c t i o n  a t  the  i n t e r f a c e  and 
consequent l o s s  of  t ransmit ted energy. The degree of this r e f l e c t i o n  is the 
r e f l e c t i o n  c o e f f i c i e n t ,  R. 
For a given interface with index n on one s i d e  and n2 on t h e  other, the reflection 3. 
c o e f f i c i e n t ,  R, can be expressed as: 
R is r e f l e c t i o n  c o e f f i c i e n t  
n is r e f r a c t i v e  index of medium 1 1 
n is r e f r a c t i v e  index, of medium 2 2 
For example, i f  medium 1 is g l a s s  (Index 1.5) and medium 2 i s  a i r  Jl. 0) , the r e f l e c t i o n  
. . 
coefficient R = 
For passage o f  l i g h t  through a pane of glass, there w i l l  be a loss of a b u t  48  'on  
e n t e r i n g  and another 4% on leaving. This  value agrees w e l l  with experimental data 
and gives a glass/air i n t e r f a c e  a maximum t ransmiss ion of 92%. 
DuPont's FEP f i l m  ( f luor ina ted  ethylene/propylene copolymer) is  another strong 
contender for t he  ou te r  cover app l i ca t ion .  FEP i s  a f l e x i b l e ,  compliant film with 
a s l i g h t  b lu ish  cast and demonstrated weatherabi l i ty .  FEP and related Eluoropolymers 
have well over twenty years of a c t u a l  outdoor exposure w i t h  kbsolute ly  no change 
i n  properties.   his mate r i a l  i s  more expensive than Kynar, however i t s  lower .re: 
fractive index may improve t he  light t h r o u g h p u t  and cause it t o  be cost effective, 
Repeating the r e f l e c t i o n  c a l c u l a t i o n  with FEP ( r e f r a c t i v e  index = 1.34) gives a 
r e f l e c t i o n  coefficient of 2.16% per surface. T h i s  i n d i c a t e s  t h a t  f o r  f ree standing 
f i l m  an FEP/air i n t e r f a c e  has a transmission of 95.7%, a n  improvement of 3 . 7 %  over 
glass. T h i s  improvement fn t h e  use of a v a i l a b l e  s u n l i g h t  may well  j u s t i f y  the use 
of a more expensive film. 
Due to  t h e  p o t e n t i a l  for improved wea the rab i l i ty  and power output w i t 1 1  t l ~ u s e  f i l m s ,  
t h e s e  are being incorporated into the  evaluation program as cand ida t e  o u t c r  cover 
m a t e r i a l s  and w i l l  be assessed for suitability i n  module app l i ca t ions .  
fX. I X I W  TEMPEWTUFLE ENCAPSULAMTS 
morphous  and t h i n - f i l m  PV efforts are gaining momentum and have t he  
p o t e n t i a l  for large scale commercialization. With this t echno logy  comes 
the need for a d i f f e r e n t  type of e n c a p s u l a t i o n  t h a n  has  been required 
for s i n g l e  c r y s t a l  PV d e v i c e s .  Due t o  t h e  f l e x i b i l i t y  o f  t h i n  film d e v i c e s  
a wider range of polymers and p r o c e s s i n g  techniques become available w i t h  
the possibility of ~ n c a p s u l a t i n g  t h e  PV d e v i c e s  i n  tandem w i t h  p r o d u c t i o n .  
The cri teria b e i n g  c o n s i d e r e d  f o r  t h e  i n i t i a l  s e l e c t i o n  of th: .n-fiLn d e v i c e s  
are : 
a. 
I. Processable at temperatures at o u r  less  t h a n  1 0 0 ~ ~  
2. O p t i c a l l y  t r a n s p a x e n t  after  curing 
3 .  C u r a b l e ,  the f i n a l  compos i t ion  m u s t  be r e s i s t a n t  t o  thermal creep 
4. ~ x t r u d a b l e - t h i n  f i l m s  are d e s i r a b l e  for processing 
5. Flexible, b u t  not n e c e s s a r i l y  very low i n  modulus 
6. Weatherable and environmental . ly  r e s i s t a n t  
The fo l lowing  t a b l e  i n d i c a t e s  g e n e r i c  classes of polymer  m a t e r i a l s  that 
may be s u i t a b l e  for t h i s  application: 
M a t e r i a l  Class Manufacturer $/lb 
p o l y e t h y l e n e  (LDPE) Many .SO - .60 
Ethylene/Vinyl  Acetate B u P o n t ,  US1 .60 - .80 
Ethy lene /Arcy l ic  
1 on ome r 
Dow, Gulf .GO - 1.00 
DuPon t 1.08 - 1.60 
Aliphatic Urethane U p  j ohn , Mobay , 1.70 - 2.50 
(Hydrocarbon, ~ o l y a m i d e  Wayandotte, 
P o l y e t h e r ,  Acrylic) Development Assoc. 
(a) Experiments l evidence suggests t h a t  the performance of amorll!~rsus 
s i l i c o n e  ce l l s  is damaged by h e a t  a n d  t h a t  temperatures as l o w  a s  
130% may impair  power o u t p u t ,  R e f :  J. W. La throp ,  "Pllotovoltaic 
C e l l  R e l i a b i l i t y  Research"  Clernson U n i v e r s i t y ,  Clernson, S o i ~ t h  
Carolina, Se1;terher 1984. 
These mater ia ls  also offer the opportunity to  explore other types of 
encapsulation methods than have been used before. Possibilities include 
film co-lamination, extrus ion coating, roll cnating and spray coat ing .  
Curing the polymer coat ing  may be inherent to the chemistxy of the  polymer 
a s  with  thermosets, or may r e q u i r e  a peroxide add i t ive  to i n i t i a t e  the 
crosslinking reactions. Other p o s s i b i l i t i e s  include W initiated systems 
(photo - in i t i a t ion)  and moisture cures as our found with some urethanes and 
certain silane modif ied  o l e f i n s .  
Springborn Laboratories Inc. will initiate a new materials inves< iga t io i  
to identify commercialLy available materials suitable f o r  this application. 
SECTTON B 
X. PROCESS SENSITIVITY 
A. Goals and Methodology 
EVA is now becoming t h e  standard encapsula t ion  m a t e r i a l  for the  fabri- 
cat ion  of commercially produced PV rnoduLes and has  superceded materials 
such as PVB and RTV type silicone rubbers due to t h e  improvement i n  
performance and the  increased cos t -ef fec t iveness .  The development of t h e  
advanced materials has been accompanied by the  development o c n e w  and 
advanced processing technologies  i n  which PV modules may be manufactured 
more eas i l y ,  more controllably, and with t he  p o t e n t i a l  for  h igh  speed 
automation. The f a b r i c a t i o n  technology fox the use  of these new encap- 
su1anf;s involves  t h e  c a r e f u l l y  controlled sequence o f  heating, vacuum, 
pressure  and timing. The equipment used fo r  this process is  a double 
chambered vacuum bag laminator. T h i s  device, when properly used, r e s u l t s  
i n  modules of uniform q u a l i t y  and performance, and may be scalzd t o  almost 
any commercial module size. 
In addition t o  t h e  EVA encapsulants  t h a t  use t h i s  vacuum process, 
Springborn Laboratories has also identified two l i q u i d  e n c a p s u l a t i o n  
compounds t h a t  may be used by manufacturers who still d e s i r e  t o  encap- 
sulate with t h e  l i q u i d  systems. Although these  new l i q u i d  systems do not 
employ t h e  use of the vacuum bog laminator, they sti l l  r e q u i r e  a care- 
fully controlled s e t  of process ing cond i t ions  t o  r e s u l t  in t h e i r  success- 
f u l  use and c o n s i s t e n t  production o f  q u a l i t y  modules. X t  is the pu-rpose 
of Phase fI of this program to sys temat ica l ly  i n v e s t i g a t e  controlled vari -  
a t i o n s  i n  the encapsulant  formulations and process ing technologies ,  such 
t h a t  a s e n c i t i v i t y  a n a l y s i s  of these  v a r i a b l e s  r e s u l t s .  T h i s  s e n s i t i v i t y  
ana lys i s  w i l l  provide da t a  concerning the r e l a t i v e  im~ortance of each 
parameter and a l s o  a q u a n t i t a t i o n  of each so  that manrrfacturing y i e l d  
p r o b a b i l i t i e s  may be a s s e s s e d .  I n  a systematic s tudy,  d a t a  w i l l  result 
i nd ica t ing  t h e  formulat ion and process ing "windows" from which acceptable  
Levels of v a r i a t i o n  may be tolerated i n  i n d u s t r i a l  practice. The required 
data w i l l  be obtained experimental ly and then f i t t e d  t o  a mathematical 
Model for correlation. These corxelations w i l l  hopefully permit the 
manufacturing y ie lds  t o  be determined and related to  the set of indepen- 
dent variables. 
This task is to bo performed in a series of steps, each stsp providing 
both usef113 information to iodule fabricators and technical groundwork 
for succeeding steps. Overall, the goals of this task may be stated 
simply as: 
o imderstand the relationships between: 
. fornulation variables 
, process variables 
o define c o n d i t i o n s  xequired for optj.n,~un performance 
o relate to fablure/acceptability criteria 
o predict manufacturing yield 
o provide documentati-q to iridustry 
The f i m t  step in accompLishing these goals is the enumeration of 
potentially important independant variables. Two types of indepen- 
dant variables must be considered: material variables ar'd processing 
variables. Material variables consist of f l a x  example): 
(I) type of p3ttant:  EVA, F W i ,  Polyurethane, 
12)  type of cover film: T ~ f i L a r ,  Acrylar, e t c . ,  
( 3 )  type af adhesive/primer formulation and application 
technique, 
( 4 )  formulation variables, such as type and amount of : 
(a) c u r i n g  agents (peroxides) 
(b) antioxidants 
(c) ultraviolet screeners 
(d) u l t r a v i o l e t  stabilizers 
(5) storage conditions: time, temperature, humidity, and a i r  
exposure. 
I 
These material variables in te rac t  w i t h  the set of process ing  
variables to  result i n  modules of a certain qual i ty  and manufacturing 
yield. Some of the processing variables  that ars of co:lsideration are: 
(I) ambient conditions: 
. temperature 
. humidity 
. barometric pressure 
( 2 )  vacuum pressure ( i n i t i a l )  and time of evacuation 
(3)  temperature - rate of rise 
(4 )  temperature - ultimate 
(5) dwell time, at temperature 
(6) rate of cooling 
( 7 )  time/temperature/pressure intnrrelationship,  
and for lkquid casting systems, such a s  the polyurethane syrup, the 
above variables apply, plus: 
o 2 component mix time 
o degassing pressure 
o pump and fill. times 
o mix uniformity 
o gel. time 
The in terac t ion  of these two s e t s  of independant variables  give rise.to 
a set of dependant variables ( resu l tants )  that correspond to the  . 
acceptabi l i ty  or lack of acceptability of the resu l t ing  module. What 
const i tu tes  acceptance or rejection of the module depends on the  pre- . 
established criteri.a ef performance. T h i s  requires that the  type 
of failure be ident i f i ed  and tfhk l e v e l  of acceptance specified, For 
example, c e l l  breakage c o n s t i t u t e s  a f a i l u r e  type , but there also 
e x i s t s  a function describing the probabil ity of failure. What l e v e l  is  
- 5 designated as acceptable, 1% or 10 %? 
The dependant (or performance) v a r i a b l e s  by which t h e  module q u a l i t y  
is  judged alsc f a l l  into two types; continuous and discrete. Continuous 
v a r i a b l e s  are those i n  which the value of the v a r i a b l e  may assume any 
value over a continuous range. Fo r  example; gel con ten t  which  may vary 
from 0% t o  100%. Discrete v a r i a b l e s  are those that assume one o f  two 
specif ic  values. For example c e l l  breakage, c e l l s  are e i t h e r  f r ac tu red  
or not  ( p a s s / f a i l ) .  The presence of two data types also complicates 
the a; la lys is  and may require t h a t  two types of treatment be used. 
Examples of the dependant variable types  t o  be considered are: 
Encapsulation Dependant Test V a r i a b l e  
Cornponen t Variable Method Type 
Pot tan t  Cure  G e l  content Continuous 
Trapped bubbles Visual Discra t e  
Discolora t ion  Spectroscopy Continuous" 
Solar Cell ;  Fxac t u x e  Vicual Discrete 
In terconnect  p u l l  Resistance Discrete 
Regis t r a t ion  Visual Continuous 
Cover Fi lms . Tears/puncture V i s u a l  
. Warping/shrinkage Visual 
Glass Frac tu re  Visual, 
Discrete 
 continuo^?^ 
Discrete 
Adhesion . Bond s t r e n g t h  Peel test C o n t i n u ~ u s  
L ,nd d u r a b i l i t y  Water soak Disc re te  
The r e l a t i o n s h i p  between the  independant and dependant variables must 
be determined i r l  a q u a l i t a t i v e  and q u a n t i t a t i v e  manner. The term 
"qualitative" i s  used here to indicate t h e  criteria of acceptance 
(or failure) t h a t  i s  assigned i., t a c h  dependant va r iab le ,  and the term 
" q u a n t i t a t i v e "  implies t h e  magni tude of t h e  effect. 
I n i t i a l  experiments will explore the e f f ccLs  of a s i n g l e  i n c l c l l c . ~ ~ d c n t  
variable o n  the  set of dependent var iab les  and d e t c t m i n c  the 1~~1rlri;ries 
of the "window" on e i t h e r  s ide  of which is  a f a i l u r e  condition. In 
instanzes where ..?wo or more var iab le s  operate together the well k n c  dr? 
i a c t o r i a l  design e x p e r i m e n t s  w i l l  be used. 
In t b t s  type of experiment, the effects of K factors, ox independent 
variables, are measr~red at: two or more levels. U s i n g  s imple  vectors or 
least squares l inear technique, the effect that  a processing or formu- 
l a t i o n  variable has on a dependent variable may be assessed. 
This experimental technique is known to have the following advantages: 
(1) a lot of information is  gained from a r e l a t i v e l y  small number 
of experiments, i n  which the number of e?.peri~nents i s  equal  t o  
nK, where n is the number of levels selected and K is the  number 
of factors, or independent v a r i a b l e s ,  
(2) it  may be used with both continuous and discrete data ' - types , '  
(3) the effects of single variables and combined variables may be 
q u a n t i t a t e d  and ranked according to t h e  magnitude of the effect, 
( 4 )  regions  where t h e  factor effects are observable may be determined 
and permit the  selection of experimental c o n d i t i o n s  t h a t  may be 
s,ubsequently used for the tilodeling of p r o b a b i l i t y  f u n c t i o n s  us ing  
normal d i s t r i b u t i o n  curves. 
Where p r o b a b i l i t y  func t ions  of f z l l u r e  can be ca l cu la ted ,  manufacturing 
yield may also be calculated. This permits the q u a n t i t a t i v e  assessment 
of the effect of a manufacturing variable on t h e  succes s  of the  o v e r a l l  
operation. A flow chart of the ant i c ipa ted  experimental proceduxe is 
attached in the appendix, pags A25. 
B. Experimental Results 
One of t h e  f i r s t  variables investigated was that  of cZ;a?ky:*.;r; kba peroxide 
content  of EVA and determining the effect on cure. T':. , 9 - p  sr<[;.%?$aon 
w a s  conducted p a r t i c u l a r l y  because of a suspicion I . , '  .iba .e may 
be evaporating from the EVA shee t .  Peroxide concent ' r r  . ~3 U + 5 4  0.75%, 
1.0% and 1.5% were used and bbth Luperso1-101 cured LT7it (99'18 and 
Lupersol-TBEC cured (15295) mater ia l s  were prepared. Cure temperatures 
from 1 2 0 ~ ~  to 160'~ a t  d w e l l  times of 5 V.o 30 minutes were used to cure 
plaques for-gel c o n t e n t  a n a l y s i s .  The results are tabulated on paqcs 
75 and 27  i n  the  appendix. For Lu2ersol-101 cured c o n p o s i t i o n s ,  the 
combinations of time and temperature that result i n  acceptable levels 
of cure are found to diminish as the  l e v e l  of peroxide is decreased. 
(a) In decreasing the  peroxide from 1.5 phr to 0.5 phr,the cuxe time must 
be doubled,or the temperature r a i s e d  by loOc,in order to obtain an 
apgroximately equivalent. gel content (in the temperature ranges where 
cure occurs). Diminshe2 peroxide content, even from 1.5 phr to 1.0 
phr, i s  seen to  have a f a i r l y  strong impact on t h e  resulting g e l  con- 
t e n t s  and .serves to narrow the processing l a t i t u d e .  The TBEC cured EVA 
appears to  be  much less  sensitive to variations i n  peroxide concen- 
tration. Decreases in the cure performance axe observable,  however they 
are much more tolerable. Decreasing t h e  from 1 . 5  phr to 0 . 5  
phr basically stops the  cuxe process from occurring at 130°c, but has 
l i t t l e  e f f e c t  on the cure schedules  a t  higher temperatures. In con- 
clusion, TBEC cured EVAs are much less s e n s i t i v e  to peroxide concen- 
txations than the Lupersol-101 equi.valents in which processing l a t i t u d e s * .  
must be more care fu l ly  controlled. 
, I . ,  
Studies have been conducted to determine the shelf life and required 
storage condi t ions  for  EVA f i l m  products. When freshly prepared and 
stored in a closed pLiatic bag, Springborn's EVA lamination f i lms  appear 
to be stable for an i n d e f i q i t e l y  long period of time. I n  general,  a 
cool dry location..in which the film i s  n o t  exposed t o  sunlight i s  re- 
-
commended. EYA becomes s e n s i t i v e  to changes in its cure propert ies  after 
it has been removed from its p r o t e c t i v e  plastic bag. Experiments were 
conducted to determine the gel content  (eegree of cure) versus open 
exposure of EVA sheet  to a i r .  Two cure temperatures, 140° and 150°, were 
used. The r e s u l t s  are tabulated, as follows: 
(a )  phr; parts per hundred parts resin. 
EVA NUMBER 
Cure 
C o n d i t i o n s :  
150°/20 min 150°/5 rnin 
140°/20 min 140°/5 min 
Air Exposure G e l  C o n t e n t s  
- 
0 Hours 
2 4  Hours 
48 Hours 
72 Hours 
168 Hours 
(one week) 
These results indicate that formula A9918 is rapidly a f f e c t e d  by 
exposure to t h e  open air .  Exposure of t h e  East cure formula, EVA 15295,  
is much less detrimental, however a gradual decrease in the ability to 
cure may st i l l  be observed. 
Specific Recommendations 
1. Keep a l l  EVA film products wrapped in a closed plastic bag during 
storage and a t  the end of  each day of module product ion .  
2. Store the rolls of EVA i n  a cool, dry location out of s u n l i g h t .  
3.  A t  the beginning of each day's fzbrication run, discard the first 
wrap of EVA f i l m  and use the underlying p l i e s  for module production, 
C, Experimental Process Laminator 
An experimental laminator is under construction with t h e  a b i l i t y  to  
fabricate small modules of 11.5" x 15" size. This laminator is equip- 
ped with rapid response  heaters and i s  e n t i r e l y  microprocessor-controllc 
Ultimate temperatures, ra tes  or  rise, d w e l 1 , t i m e  and cool-down 
rates may ~ 1 1  be s p e c i f i e d  under software control. This permits vari- 
ations in process cond i t ions  to be changed easily a n d , i n  addition, the 
controller may act ivate  other functions such as electrically actuated 
valves. With t h i s  equipment a process lamination process cycle may be 
completely speci f ied.  
Each lamination run i s  monitored by a thermocouple placed w i t h i n  the 
module connected to a strip-chart recorder and the reproducibility of 
, specified conditions has been found to be very good. Because of the 
large number of p o t e n t i a l - l y  significant variables, uniform data sets are 
required and a "universal test module" was designed for this purpose. 
This module has the fo l lowing construction: 
s Tear strip to measure back 
. . # cover adhesion 
L r  - r C - - -  -- 
C e l l s  and interconnects 
i 
J J ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
1 
- - - - _  Tear s t r i p  to  measure 
e g l a s s / p o t t a n t  adhesion 
8 
This module has been found to be ideal for t h e  evaluat ion  of 
process dependent variables and is evaluated for t h e  following 
properties: 
C e l l s  
Glass 
Cover Film 
Adhesion 
Bubbles ( v i s u a l )  
Gel Content,  % 
Swell  Index, % 
Disco lo ra t ion  ( v i s u a l )  
Spectroscopy (%T) 
R e g i s t r a t i o n  (visual) 
Fracture (visual 
Cont inu i ty ,  ohms 
Fracture [visual) 
Edge Shrinkage, mm 
T e a r / ~ u n c t u r e  (visual) 
~ndented/~ippled ( v i s u a l )  
An example of a  s tandard t e s t  eva lua t ion  form i s  included i n  the  appendix, 
page 28. The r e s u l t s  of these experiments will be used  t o  discover the 
dominant f a i l u r e  modes encountered i n  ma te r i a l s  and processing,and eventu- 
ally define t h e  p;ocessing "windows" requ i red  f o r  t h e  fabrication of 
modules of pred ic tab le  quality. Addi t iona l ly ,  t h e s e  experiments will point 
out caveats for  module manufacturers who use EVA, and permit  the w r i t &  
of a " t roub le  shootingt' guide. A pre l iminary  guide has already been 
prepared and appears as pages 29 and 30 i n  t h e  appendix. This document 
w i l l  be con t inua l ly  up-dated a s  i n f o r m a t i o n  on  material and process quality 
control becomes available. 
A P P E N D I X  
--------  
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MODULE EXPOSURE 
Notebook Number: 16747-1 T e s t  S i t e :  Enfield. CT 
Exposure Condition: OPT-70DC Size: 5.5 x 911 2-cell ' 
Construction: ~1~aa(11861)/EVA9918/C~LI~(68040p/~VA~T~dr 200 ~30WH-60040 
A 3 oiseoloration 
B = Broken/fractured 
C = Corrosion 
D = Delamination 
E o T l o w / m e l t  
,= 
0 
3 
2 
3 
UI 
u 
C 
w 
I = No c5ange 
2 = Slight Change 
3 = Noticable 
4 = Moderate 
5 = Severe 
u) 
PI 
cl 
0 
Z 
1 
A4 
1 
1 
1 '  
1 
1 
Gasket I- 
P O t t a n E  
Pottant + Copper 
Pottant Delamination: 
cells 4- e t a l l f z a t i o n  
Interconnects 
1 
A3 
1 
1 
1 
1 
1 
1 
- 
1 
1 
A4 
t 
1 
1 
1 
I 
Outer Cover 
Back Cover 
1 I 1 . 
1 1 
Pay* 2 
MODULE EXPOSURE 
Notebook Number: 16747-2 Test Site: Enfield. rJT A 
Exposure Condition: OPT-7o.C Si ..:_ 12,t I-rlU 
. - 
Gasket  
8 ?ottant 1 1 I 1 
?ottant  + Capper 
U 1 I 1 1 
Pottant D e l q i n a  t ion: 
1 1 I 1 1 
w 
nl 
cells + Metallization 1 1 1 1 
d In tercomects I 1 1 1 
w Outer Cover I 1 1 1 
Back Cover I 1 
I 
vl 
P1 
Y 
0 
2 
A = Discaloration 
3 = 3roken/fractured 
C = Corzosion 
D = Delamination 
E = Flow/mslt 
I = tto change 
2 = Slipht C h z ~ g e  
3 = S o t i c a b l e  
4 = !4odezate 
5 = Severe 
Pags 3 
MODULE EXPOSURE 
Notebook Number : 16747-3 T e s t  S i to :Er f l ' ld .  CT 
Exposure ~ o n d f  tion:-OPT-70°C size: ,2,, 9,, 2-crll 
Cons truc tionr 
A = t is coloration 
B - 3roken/fractured 
C = Corrosion 
D = Delnmination 
E = Flou /c=Lt  
1 = No change 
2 = S l i q h t  Change 
3 = soticable 
4 = >fadcrate 
S = S e ~ e r e  
Notebook Number: 16747-4 T e s t  Site: EnflEId, CT 
Exposure condition: OPT070a C site: 12,,  9,r 2-csu 
Construction:G1asu(l1861)/EVA 14747/CcUs(l f86l)/EVA/~~dlarZOO~S30WH-60040 
A = Discoloratian 
B = Broken/fractured 
C = Corrosion 
= Delamination 
E = PLou/rnelt 
1 = :lo ch2nrje 
2 = Sliqht Change 
3 = Noticable 
4 = !.loderate 
5 = Severe 
Page 5 
MODULE EXP.OSUE 
Notebook Number: 16747-1 Test Site: %field, CT 
~ x ~ o s u s e  Condition: OPT-90' C size: ,2,r 9,, 2-ccll 
A = Discoloration 
0 = Broken/Eractured 
C = Corrosion 
D = Delamination 
E = Flow/aelt 
1 = No change 
2 = sliqht Change 
3 = Noticable 
4 = Moderate 
5 = Severe 
14*Oo0 
6/7/85 
2 
7 , 0 0 3  
8 / 2 2 / 8 4  
2 
10.000 
12/22 /84  
2 
0 
*r 
)1 
A 
9 
cn 
9 
v 
c 
w 
6,000 
7/11/84 
2 
--. 
l2roo0 
3/15/85 
2 
*r 
.-I 
4 
a8 
u 
Exposure, Hours 
i 2  
Rainfall, Inches 
Condition 
Voltage, Voe 
Current, IS= 
Sealant  
Gasket  
~ o t t a n t  
Pottant t Copper 
Portant  p el am in at ion: 
A2 
A2 E3 
1 
Back Cover 
I 
D2 
i 
% 
1 
1 
A2 
A3 E3 
1 
C e l l s  + & t a l l i z a t i o n  I 
u 
I 1 
1 . 
1 
I n t e r c o n n e c t s  
outer Cover 
In 
dl 
&I 
0 
z 
A2 
A3 E3 
1 
1 -  
1 
1 
--
1 
2.9 
88 dz 
gL3 
w? 
A~ 
A 3  E 3  
1 
1 
-- 
1 
Page 6 
MODULE EXPOSURE 
Notebook Number: 16747-2 Test  S i t e :  EdiGId. CT - 
lC:.dcraure C ~ n d i t i a n :  OPT-90°C 5 1 l ~ i ,  
Conatrt'.etion: CIiljls(~BUilO)/EVA 16718h/cclla(f ? 8 6 1 ) / E ~ ~ / ~ ~ d l r r 2 0 0 ~ ~ 3 0 ~ ~ - 6 8 0 1 0  
A = Discoloration 
B = aroken/fractured 
C Corrosion 
D 3 Delamination 
E = Flow/nelt 
I = No chance 
2 = Slight Change 
3 = ::oticable 
4 = :.loderake 
5 = S e v e r e  
P w e  7 
MODULE F.EXP05URE 
Notebook Nunbar: 16747-3 Test S i t e :  Enfield, CT - 
Exposure Condition: OFT-SOD C Size: ,Z,l 9,, 2-eru 
Constructf on: Glrso(1 l861)/EW* 1 6 7 1 ' I / ~ o U s ( f  186i)/T*dIar 200BS30WH-68040 
A = Discoloration 
3 = aroken/fractored 
C = Corrosion 
D = Delznination 
E = ~ l o u / ~ e l t  
1 = No change 
2 = Slicht Change  
3 = : lot icable 
4 :.loderate 
5 = Severe 
u 
' 
- 
-' 
6,000 
7/11/6 4 
1 
I 
Exposure, Hours 
t T e S P D a t e
Rain fa l l ,  Inches 
7 ,000  
6/22/84 
1 
1 
rl 
4 
01 
Condit ion 
Voltage,  V,, 
-. C u r r e n t ,  IS= 
t 
10,000 
f z j t2 / [14  
------------ 
1 
1 
- I , "  
1 
1 
,-I 
LI 
Q 
Z 
1 2 , 0 0 0  1 4 , 0 0 0  
' Cell Metalization 
In t e rconnec t s  
m- at edge: 
int-rnally: 
I 
1 
1 
t 
3/15/85 
1 
1 
oute- JF 
Back Cover 
sealant 
6/7/S5 
- 
1 
I 
1 
1 
1. 
7 
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MODrJLE EXPOSURE 
Notebook Number: 16747-4 Test Site: Enflald. CT 
Exposure Condition: OPT-90°C size: IZ,, q,l 2nccu 
.- 
Construction: GTaas(1 lD61)IEVA 14747/CClla(1 1861)/EVA/~~dlarZ~O~~30W~-b8040 
A = Oiscolcration 
B = Srokcn/fractured 
C = Corrosicn 
D = ~elamiza:ion 
E = Flcv/r.eLt 
. 
+I 
' 
,-I 
Pi 
CJ 
m 
,-I 
a 
u 
0 
Z 
1 = !:o c5znge 
2 = S l i g h t  Change 
3 = : :o t i cabIe  
4 = :4c ler .?te  
5 = 5cn:sre 
Exposure, Hours 1 6 , 0 0 0  7.000 
8 / 2 2 / 8 4  
1 
A 3 
A 3 
t 
- 
T e s t  Date 
- R a i n f a l l ,  I n c h e s  
Condition 
vcltage,  Voc 
Current, X s c  
C e l l  Ketalization 
I n t e r c o n n e c t s  
at edge: 
in terna l ly :  
B 
I 
1 7/11/84 
1 
I 
1 
1 
1 
1 
1 ' 
O u t e r  Cover 
Back Cover 
0 
I 
1 4 .  .OoQ- 
6/7/85 
3 
B 
I 
10,000 
12/22/84 
-- 
1 
A 3 
1 
1 
3 S . 5  aI: 
=i;i.;y - 
I_ 
P o t t a n t  
B 
1 
A4 
1 
1 
1 
1 
( 12,OQo 
3 / 1 5 / 8 5  
1 
A 3  
1 
1 
A3 A3 A 3  
.;1 
A 
1 '  
4 
c4 
Poctant + Copper 
P0ttar. t  Delaminat ian;  
-. 
A 2  
1 
1 
1 
1 
0 
E 
A4 
I 
c e l ~ ~ ~ e r s l l i r a t i o n ~ ~ - - ~  1 
I 
1 
t 
I n t e r c o n r  zcts 
A4 
! 
1 
1 
1 
1 
LU obter Cover  , 
Back ~ i v e r  
ill &I o 
Z 
MODULE EXPOSURE 
Page 9 
Notebook Number: 16747-1 T e s t  S i t e :  %field, CT 
. Exposure Condition: O P T - 1 0 5 ~ ~  Size: 5 1/21' x 9" 2-c*Il 
68040 adhesiw 
' 14,000 
6/7/85 
- 
6,000 
7/I  1 /B4 
10.000 
1 2 ] 2 2 / 8 4  
I 
1 '  
I 
I 
B 
7 , 0 0 0  
- - -  
81 22/84 
12,00G 
3/15/85 
1 
1 
1 
'I 
B 
Back Covet 1 
Sea lant  
B = ~ r o k c n / f  r a c t u r c d  2 = S l i g h t  Change 
C = Corrosion 3 = ~oticable 
0 = Delamination 4 = Moderate 
E = f l o w / r n e l t  5 = Severe 
1 1 
rl 
1 1 
4 -  - 
voltage, Voc 
PI 
U Current, ISC 
* 
' C e l l  ~etalizatian I 
W Interconnects 
Pi 1 
Id JJ at e ~ ~ x  1 
QI 
Z in t e rna l l y :  1 
O u t e r  Cover i S 
I 
1 
I 
I 
1 
B 
A4 E5 D3 
A5 R-5 
D3 
A2 
A2 
8 5  
E 5 D 5  
5 
a 'd 
2 Ex 
u Ir 
- 00 
S" 
47 :3 
U P P  ; 2; 
- 0  i Z Y  
A4 .~5D3 
A5 E5 
D3 
A2 
A2  
B5 
---- 
G5D5 
Gasket  
POttdnt 
A = Discoloration I = No 
0 
change 
-- 
A 4  ES D3 
AS E5 
03 
A 2  
A 2 
E5 
E5 DS 
- 
- - 
A4 
4J 
4 
3 
UI 
 
m 
o 
$ 
Pot tan t  + Copper 
, 
Pottant Delamination: 
Cells 4- h&ta l l i za t i on .  
Interconnects 
Outer Cover 
A5 E5 
D3 
AZ 
A2 
E5 
E5 D5 I Y
LI 
MODULE EXPOSUS 
Notebook Number: 16747-2 Test: S i t e :  E n f i ~ l d .  CT 
Exposure Condition: OPT-IOSaC Size: 5 1 d'21r x 9" 2-c*U 
A a Discolorakion 
B = arakeni f  ractured 
C = Corrosion 
D = Oclamination 
K = Flou/nelt 
L = 30 chanqe 
2 = S l i g h t  Change 
3 = : lo t icable  
4 = Xcdezatt? 
5 = Scm;cre 
MODULE EXPOSURE 
A = Discoloration 
B = Sroken/fractured 
C = Corrosion 
D = Delamination 
E = Flev/aelt 
Notebook Number: 16747-3 T e s t  Site: EnficId, CT 
Exposure Condition: OPT-I 0 C 91, 2-ca11 
~ ~ ~ ~ t ~ ~ ~ t f ~ ~ :  Glasr(1 l861)/EMA 1&7X7/ccUr(l 1861)/E~~/TCdlar 200BS30WH- 
-68040 adheaim 
I = So change 
2 = 511;bt Chanse 
3 = ::oticable 
4 = ?;oderate 
5 = Severe  
ul 
PI 
L1 
0 
z 
I = ,  
2: 
4 k 
E' s 
C M 32 
ZC .  
3 2: 
4 
0 o z  f l u  
I 
b 
pago 12 
MODULE EXPOSURE 
Notebook Number:" 1.6747 -4 Test site: >l*ld. CT - 
Exposura Condition: OPT-105.C Size: i Z , ,  9,, 2-c*U 
Cnnatruetion: Gfias(I 1861)lEVA 14747/Cells(I 18bl)/EV~/~~dlar 200BS30WH- 
- 68040 adh-sivo 
A = Discgloration 1 = No change 
B = Srokcn/51 jc t u r e d  2 = slight Change 
C = Corrosion 3 = Noticable 
D = Delami~ation 4 = Xaderate 
Z = fl>wj~elt 5 = Severe 
S.F'ECrnEJ NO, 
-- 
PP181-A 
YJA, U!O Primer 
1 B101-3 
EVA, WlPrimer 
HYDROTHERMAL AGING - GLASS B- FILLED TEMP. 40 ' I =  
POLYMl$R SPECIMENS 
* 
PROPERTY GONTROL 100 HRS SOP HRS - 2,000 HRS 5, ODD HRS 
1 . 7 ~  10 2 MOD 2.830 1.6 x 10 0.3  x 10 
UT 1.300 1.230 1,210 
WE. % 600 600 510 
awt.% . --- +o. 15% +IS. 9% 
- -- 
+519 
&L% 0 4-5.570 + 15.3 
3 
hIOD 2.500 1 .bx  10 t , ' ~ . s  LU 2.4 lo3 
UT 905 1,070 1,150 
UE. 5 350 385 390 
1 BIB1 -C MOD 
Polyethylene UT 
W/O Primer UE. 7. 
Awt, 7, 
A L% 
IB181-D MOD 
Po lyc thy lenc UT 
UlPrimrr UE, % 
* hicchanicd propertleu by ASTM D-638. 10Er/Mln rrta of mtrain 
AWt,.II = percent weight gr in  :AL%= percent length galn-tenmils bar 
-- - 
--- 
8 x lo4 
2,180 
H 0 
--- 
-** 
1.6 r loS  
4.340 
20 
-- - 
-*- 
i 3 . 5  r 
+ 1-3 
4.2 x 10 5 
2,360 - 
0 
+2 53 d 
1.5 x l o 5  
4 ,490 
0 
40.6% 
0 
+o. 19% ;+2 =fa 
0 
1 . 2 ~  10
0 
1 . Z x l O  5 
1.995 
10 
+ 0. 5270 
0 
5 1.7 x 10 
4,235 
10  
+Om 31% 
0 
2. ZOO 
N O  
+l. 4% 
0 
5 1.6 x 10 
4.380 
d o  
0 
0 
SPECIMEN NO. 
18181-A 
EVA, W/O Primer 
1 SlB1-D 
EVA, W/Primer 
M c c h r n l c ~ l  propertlea by ASTM a-638, 10"/Mln rat0 of rtraln (a) b l i a  tered appearance 
A W L ,  5 = percent weight gain : AL% = percent length gain -tenrile bar 
HYDROTHERMAL AGING - G L A S S  BEXI) FILhED TEMP, 60 ' C  
POLYMER SPECIMENS 
* 
2.000 HRS 
3 x 1 0  1 
50  
60 
+ z , o ~ t  
+ 179% 
1.6 x l o 3  
030 
120 
4-34.7 
t12.5t 
3 x 10 4 
27 1i) 
f ~ 0  
+4.u 
Q [el 
1.3 x r )  5 
2,980 
N O  
+3.089 
0 
PROPERTY 
MOD 
UT 
UE, % 
A v r t . ~  
AL 5 
MOD 
UT 
gk:% 
18181 -C MOD 
I 'o lyc~l~ylene  UT 
W/O Primer TfE. % 
Awr,  5 
A L% 
18181-D MOD 
P o l y c ~ t ~ y  lene UT 
Uf Pr h e  r UE, 5 
250 HRS 
1 . 6 ~  lo3 
960 
51  5 
+ 29.3% 
+lo. 0% 
2.5 x lo3 
930 
285 
+4% 
0 
5 1.4~10 
2,510 
NO 
+ 1.4% 
o 
5 1.5 x 10 
4.450 
-CONTROL 
,2,830 
1,380 
600 
-- - 
-- - 
2,500 
905 
350 
- - - 
--- 
B x 1114 
2,180 
~0 
--- 
--- 
1.6 x I0 5 
4.340 
20 
--- 
- -- 
500 lIRS 
3 . 8 ~  10 
530 
300 
~ 1 0 %  
+78.490 
z x  10 3 
990 
315 
+6.3% 
+by' 
5 1.1 x 10 
2.070 
-0 
+2.5% 
o 
i . zx  10 5 
I 
-100 HRS 
1.8 x I0 
3 
1.240 
570 
+o. 92% 
O 
2 x  10 3 
935 
445 
+O. 36 
0 
1.1 x 10 
2.230 
5 
+O. 6% 
o 
1.6 x lo5 
4,400 
10 
+o. 33 
0 
- 0  
4-0.754 i $; 
0 0 
18181-B 
EVA, W/Prirner 
* Mechanical propertier by ASTM D-638. 101'/Mln rate of r t r a t  
Awt. 7; s percent wslght gain ; AL% a percent length ghln -tonalis  bar 
(k) S~sclmens too roft  to be tertcd. break on hnndling 
HYDROTHERMAL AGING - GLASS BEAD FILLED TEMP. 80 O C  
POLYMER SPECIMENS 
* 
1,000 HRS 
Removcd 
(m) 
1 . 7 %  10 3 
725 
14C 
t61.7% 
t Z l  5% 
1 . 2 ~ 1 0  5 
1.930 
*JO 
i-4.3% 
+O. 6% 
1 . 2 ~ 1 0  
5 
2.91 0 
~0 
i4 .55  
io. 2% 
SPECIMEN NO. PROPERTY CONTROL 100 HRS HRS 500 HRS 
310 
loo 
+Sol% 
t96.27~ 
3 x 10 3 
910 
220 
+16,970 
t5.670 
1.3 x 10 
2,110 
- o 
44.1% 
+O. 4% 
1.4 x 10 
3.610 
4-0 
+ L 9 %  
+2.2% 
1818I-A MOD 2,830 1.7 x 10 
EVA, W/O Primer UT - 
UE. % 600 
AWL% +I 7.4% ~ 5 6 8 %  
AL% - - - t26.7 +lo95 
2.500 2.2 x 10 2.3 x 10 3 MOD 
UT 905 1,010 
UE, % 
18181 -C MOD 
Polyethylene UT 
W/O Primer UE, % 
Awt, % 
A L?', 
18181-D MOD 
t'o1yctllyLene UT 
W/Prlmer UE, % 
215 
+ 12.95 
+ 2.7% 
1 . 3 ~ 1 0 ~  
2.160 
--o 
+3.5% 
+ 0.27, 
1.7 lo5 
3.990 
-0  
+o. 7% 
0 
350 
--- 
--- 
8 r lo4 
2,180 
PIO 
- - - 
--- 
5 1.6 x 10 
4,430 
20 
--- 
- - - 
+1% 
O 
1-2x 10 
2.245 
I 0  
+1.4% 
0 
1 . 8 ~  105 
4,445 
10 
+ 0.437'; 
0 
1018l -C 
Polgcthy lcne 
W/O Ptlrner 
Polyethylene 
WJPrimer 
+ Mccl~anical properties by ASTM D-630. 1O"/Mli1 rate of rtraln 
AWt.4, = percent welght grin : nL% = percent length grin - tenri le bar 
DRIED (a) HYDROTHERMAL AGING - GLASS B U D  FILLED TEMP. 40 OC- 
SPECIHENs POLYMER SPECIMENS 
* 
la )  Dried in circulating a i r  oven , 1 0 5 ~ ~  ,72 Ilours 
SPECIMEN NO. PROPERTY 
18181-6 MOD . 
EVA, W I0 Primer UT 
UE,% ' 
Awt.% 
AL% 
18181-8 MOD 
EVA, W/Primer UT 
MOD 
UT 
UE. '/r 
Awt. % 
0 L% 
MOD 
UT 
CONTROL 100 HRS 
2.8 x 103 
1,380 
600 
--4 
-*- 
2 . 5 ~ 1 0 ~  
905 
35 0 
--- 
--- 
8 lo4 
2,180 
3 HRS 
3.1 x lo3 
1,280 
565 
-*- 
--- 
3 x 1 0 ~  
990 
315 
--- 
--* 
1 . 6 ~ 1 0  
1,770 
- 0  
--- 
--- 
1 . 6 x 1 ~ 5  
1 ,571 
d o  
--- 
--- 
' 2 . 4  X l o 3  
1,205 
590 
--- 
--- 
2 . 2 X 1 0 3  
965 
325 
---, 
--- 
l.Bx105 
'1,790 
2,000 HRC 
2.2 x 10' 
1,210 
570 
- -- 
--- 
2.6 x lo3 
860 
260 
a-- 
--- 
1.5 x 10 5 
3,710 
N O  
--- 
-- - 
1 . 7 x 1 0  3 
4,380 
d o  
--- 
--- 
0 
--- 
-*- 
l . 6 x ~ ~ 5  
4,340 
20 
--- 
--- 
NO 
--- 
--- 
l . ~ ~ l ~ ~  
4,720 
d o  
--- 
--- 
+ M s c h ~ n i c a l  propertiam by ASTM D-638, 10u/MCn rats of rtraln 
A\v~,% r percent wclght grin ; AL% = percent length grin - t e n ~ i l a  bar 
DRf ED HYDROl'HERMAL AGMG - GLASS BEAD FILLED TEMP. 60 " C- 
SPECIMENS "I POLYMER SPECIMENS 
0 
(a) Dried i n  circulating air 0ven,lD5 C,72 hours 
2000 I I R S  
1.1 x d  3 
dB0 
280 
--- 
--- 
2.6 x 10 3 
as0 
240 
--- 
--- 
1.8 lo5 
2,680 
0 
--- 
--- 
1 . 6 ~ 1 0  5 
3 , 5 9 0  
0 
-- 
--- 
SnD HRS , 
2.7 x la3 
960 
500 
--- 
- -- 
3 
3.1 x 10 
980 
240 
--- 
- -- 
1.8 lo5 
3,050 
- 0  
--- 
--- 
1 . 4 ~ 1 0 ~  
4,510 
z,O 
--- 
SPECIMEN NO, PROPERTY CONTROL 100 HRS 250 HRS 
!8181-A MOD 2.8 x lo3  
' 
EVA, W/O Primer UT 1,380 
UE, % 600 575 
Awt.5 -- --- 
A L ~  --- --- 
18181-B MOD 3 
E V A ,  HfPrimer UT 905 890 290 350 240 
--- --- -1- 
--- --- --- 
~ a l a ~  -c MOD B 104 1.6 105 1.7 
I 
UT Polyctlry lene 
W/O Primer WE, % 
A~k-t, % 
A L% 
18181-D MOD 
Polycrhylene UT 
U/Prlmer 
2,180 
0 
-*- 
-..- 
1.6 x 10 
4,349 
2 0 
--- 
--- 
2,500 
- 0  
--- 
--- 
1.9 l o5  
4,530 
.u 0 
--- 
--- 
3,680 
- 0  
*- 
--- 
4,890 
N 0 
--- 
--- 
* MechanlcaI propertten by ASTM D-638, 101lIMln rate of mtraln 
A W t .  5 = percent welght gain ; AL%= percent langth galn -tenrLle bar 
DRIED la) HYDROTHERMAL AGING - GLASS BEAD FILLED TEMP, 00 'C 
SPECIMENS - 1 POLYMER SPECIMENS 
* 
SPECIh4EX NO, PROPERTY CONTROL 100 HRS 250 HRS 500 HRS 2,000 lTRS 
18181-A MOD 2.8 x 10 2-7 x 10 1.8 x 10 
(a) Dried in circulating air oven , l 0 5 ~ ~ , 7 2  hours 
(b) Broken, removed from further testing 
2 . 6 ~ 1 0  3 
0 80 
260 
--- 
--- 
5 
1.8 x 10 
3,610 
- 0  
--- 
--- 
1 . ~ ~ 1 0  5 
3,710 
- 0 
--- 
--- 
2 . 8 ~ 1 0 ~  
1,020 
405 
--- 
-- 
1.7 x l o 5  
2,440 
* O  
-. -- 
--- 
1 . 6 x 1 0 5  
3,800 
4 0  
--- 
-- - 
EVA, H/O Primer UT 1,175 
UE, % 
Awt.% --- --- 
n~s: --- --- 
3 
I $101-B MOD 2.5 x I0 2 . 6  x 10 2.6 x 10 
EVA, WIPrlmer UT 905 905 920 
350 240 310 
18181 -C MOD 
Polyctliylcne UT 
W i O  Primer UE. % 
AWL, % 
AL% 
18181-D MOD 
Polyethylene ZTT 
W/Pr t mc r UE. % 
$wa L%
--- 
--- 
8 x lo4 
2,180 
0 
--- 
--- 
1*6x10 5 
1,310 
3 0 
--- 
--- 
--- 
--- 
1 . 4  x l o 5  
3,160 
-0 
--- 
--- 
1 . 6 ~ 1 0  
4,415 
- 0  
--- 
-*- 
-c- 
--- 
1.8 x 30 
3,280 
-0 
--- 
--- 
1 . ~ ~ 1 0 ~  
4,100 
4 0  
_- 
--- 
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P O L W R  DIELECTRIC STUDIES 
- 
project No. 6072.1 
22 *C R.H. 43 f Temp. 
Polymer 
Description: Sbndard Encaasulant 
TEST CONDITIONS , 
Equipment: Hi-pat 830B Geometry: S_vmme~rlc @ Asymmetric n . 
current: AC a PC a  round ~olarlfp: PUS. a ~ e g .  Il
Operation: Auto @ ~ a n u a l t f  Electrode Dimensions: 
Overload Current : 1 m a .  Upper: 1/41' round, brass. 0. 12511 radiua 
Lover: I t  I1 4 I! Rate of Rise: 500 V/sec. 
DATA 
Con t inued  . . , . . . 
- 
T e s t  
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
, IQ 
1 , 
Thickness 
mils 
4.7 
4.5 
4.3 
4.6 
4.2 , 
3730 
3260 
3140 
3420 
Bteakdcva 
K Volts 
17.4 
18.0 
12.0 
19-7 
18.4 
12 
13 
14 
15 
S trengrh 
~olts/mil No t'es 
3700 
4000 
2790 
4280 
4380 
.3.9 
5 .1  
4.2 
4.5 
16 
6 .3  
7.0 
6.5 
6.7 
19 .8  
17.9 
1'1.4 
18.0 
5080 
23.5 
22.8 
20.4 
22.9 
3510 
271 0 
4000 
3190 
3580 
6.4  
-, 
6 , 2  
22.7 1 3550  1 
17 1 6 - 1  
118 1 6 . 7  
19.8 
22.8 1 3740 I 
23.4 1 3890 1 
6.2  , 22.2 
POLYMER Df ELECTRIC STUDIR;4 . 
Pmject No. 6072-1 
.- 
Polymer: EVA ~ 9 1 8  
ate: 11/6/84 Notebsak No. 18 173 - 
- - 
Descriptior: Standarad ~ncapsulant 
TEST CONDITIONS 
Equlpmenr : Hi- Pot 830B Geometry: Symmetric a As-stric 
current: AC a DC a Ground Polarity: Pns. Neq. a 
Operation: Auto a ~ a n u a ~ c f  Electrode Dimensions: 
OverZuad Current : 1 ma. U p p e ~ :  0.125" radius. bras3 
Lower: ~t 11 t 1 Rate of Rise: 500 V/sec., 
DATA 
T e s t  Thickness 
mils 
7.1 
7.7 
7 . 5  
8 . 1  
7. 6 
16 Intercept = 1.03 
17 1 Correlation, r = 0.939 
, I8 a
Breakdo- Strength 
6 
7 
8 
9 
19 
ll 
K voles 
38.9 
28.2 
30.3  
26.4 
27.4 
30.8 
29; 4 
27.2 
9 s  0 
11.3 
5.5 
8 . 3  
7 . 9  
7.7 
7.8 
2.0 
3.0 
~olts/mil Notes 
12 
_ 13 
14 
15 
4150 
4010 
3760 
3740 
3470 
3300 
3 900 
3820 
3490 
4500 
3770 1 
I. 8 
-- 
--" 
3060 1 
R u n :  18173 
P o i n t s  : 2 0 
S l ~ p e  = 3-48 
S O I L I N G  EXPERIMENTS 
SUNADEX GLASS 
Percen t  change in s h o r t  c i r c u i t  
current after 4 6 months of out.doos 
exposure, Enf ield,CT, 
Change 
- C o n t r o l ,  no t r e a t m e n t  
------- 1;-1668 
Change 
in 
SOILING EXPERIJtENTS 
- 
Percen t  change in s h o r t  c i r c u i t  
current after 4 6  months of outdoor 
exposure, Enfield,CT. 
Contro1,no t r ea tmen t  
Ozone,E-3820 
S O I L I N G  EXPERIMENTS 
P e r c e n t  change in short c i r c u i t  
cu r r en t  after 4 6  months of outdoor 
exposure, Enf i c l d  ,CT 
--- C o n t r o l ,  no treatment 
---- --- E-3820 
CANDIDATE SCREEHIHG AND Ha-SCl iEEHING m R  U3VERS 
a. estimated cost 
b. power transmission, standard single'crystal silicon cell 
c .  1983 prices  
d. cunposIte cost 
e. range1 350-900 nm 
Material 
T a f r c l  280 
Kpar-  
O r ~ c n t e d  
PFA 9705 
PEP 100 
Tcdlar 
110SG3OTR 
Halar 
Chemistry 
ETFE 
WF2 
PFA 
Thickness 
( i n c h e s )  
-005 
.On35 
.005 
FEP 1 ,002 
Hon6crcen- 
ins  
Screening 
ti 
H 
N 
P W  
n D 
1.403 
1.42 
1 . 3  
H 
H -001 
500 17,000 1 2 0 0  181.3187.4 ( ll.00 [ 1 10.192 I 0.096 I 
1.345 
1.46 
cost 
($/tt2/d1 
0,128 
O.Ca5 
0.123 
E ~ F E  
0.169 
G.085 
,002 I H 11.4 
Density 
(gm/cc) 
1.3 
costc* 
($/&I 
14.50 
6.05 
1l.Ooa* 
Cost S 
(a* shown 
s/ft7/ail1 
0.64 
9.75 
11.90 
Tear Strgth T e n s i l e  
2-15 
1.5 
ASTWlO04 
(gm/mil). 
Ultisutq Optical 
Elonqatian fransdssiona' 
289 
530 
0.218 
0.085 
Strenght 
(psi) ( 8 )  
200 
3,500 
17,700 
1.75 
2.15 
94.8 
- 
0.152 
0.615 
300 
103 
rT 
05.6  
I 
634 
575 
289 
93.6 
- 
t~ctll&- 
89.2 6.500 
23,000 
4,300 
90.3 
9r3.2 
125 88.8 
300 188.4 
1 
S O U R  MODULE PROCESS SENSITIVITY 
ANALYSIS SCHEME 
DEFINE VAR i ABLES 
CRITERIA O F  
UNIFORM TEST i i  
UNIFORM DATA 1 SFT I 
Dl SCRETE CONT l NUOUS 
RANK VARIABLES 
BRACKETS AND 
I EZhPHICAL PRESENTATION I 
I 
I AND COFACTORS ,J 
1 
ASSIGN FPOOAB I LI TY 
VALUES-R CaUl RED 
DETER141 ICE 
44~14 -1t.IG 'fl El  r)S 
EVA CURE VERSUS'PEROXIDE CONTENT 
1 . 5  phr 
peroxide 
No. -A 
1 . 0  phr 
peroxide 
No. -8 . 
4.75 phr 
p6. r~  .tide 
No. -C 
0 .50  phr 
peroxide  
Percent G e l  Re~sult ing From peroxi6e Content,  
Cure Temprature and D w e l l  Time 
Gel Cr~ntents,  % 
Dwell. Time, Minutes 
0 C 
-
5 10 L 5 20 30 
--- - 
120  0 0 0 0 0 
130 0 0 0 0 0 
14 0 V. low 4 5 54 - 7  65.6 
1 SO 7 . 0  69.0 68.7 76 .2  76 .5  
160 73.0 7 5 . 5  7 8 . 2  84.1 8 2 . 5  
PROCESS SENSITIVITY 
JPL 6072.1 
Notebook No. Run No. B a t e  : 
OBJECT: 
PROCESS CONDITIONS 
1. Vacuum Pressure ( l i n e )  in.Hg. 
2. Evacuation time (before s tar t ]  Min. 
3 .  Start ing  temper~ture OC 
4 .  Temwerature  ram^ O C / M ~ ~ .  
5 .  u l t i m a t e  temperHture oc 
6, Backpressure, s t a r t i n g  temp. OC 
7 .  Backpressure ,durat ion trme -- Min. 
8 .  Time a t  u l t i m a t e  temp. ( f  ~ O C )  
-__*. LC_ g i i *  
9. C o o l i n g  rate 
- I- ," r -** C 
C/Min.  
1. S i z e  
-- +.I 
5,Gldss t y p e  
7 2 P o t t a n t  formula 6.Cell type  . . 
3 .  p r i m e r  (to g lass )  ?.Ns.of c e l . 1 ~  
4 .  primer (to cover) &,Cover M t l .  -- 
Gene ra l  C o n s t r u c t i o n :  
EVALUATION 
Pottant 
G l a s s  
Cover Fi l r n  
Adhesion 
Bubbles (visual) 
Gel C o n t e n t  
Swell Index 
~iscolorztion ( v i s u a l )  
Spectroscopy (%TI % 
Registration ( v i s u a l )  
F r a c t u r e  (visual) 
Continuity Ohms 
Fracture  (visual) 
.,- 
Edge S h r i n k a g e  
- 
rnm 
T e a r , / P u n c t u r e  ( v i s u a l )  
NOTES 
Trouble Shoo t ing  Guide 
- 
The f o l l o w i n g  is in t ended  t o  serve a s  a c h e c k l i s t  of technical c o n s i d e r a t i o n s  
i n  the event t h a t  t h e  lamination p r o c e s s  and m a t e r i a l s  t o  n o t  give the  desired 
results. 
Bubble Entrapment 
(I) I n s u f f i c i e n t  pump-down time under vacuum prior  t o  the a p p l i c a t i o n  of 
hea t  t o  the module. Trapped a i r  bubbles .  
(2) A i r  t rapped between t h e  EVA st.c;ats that becomes "sea led  in"  during 
module processing.  Try u s i n g  "Craneglas" non-woven glass c l o t h  be- 
tween t h e  l a y e r s  t o  provide an a i r  e x h a u s t i o n  path.  
(3) Rate of h e a t i n g  t o  r ap id .  I f  t he rma l  decomposi t ion of t h e  2 r o x i d q c u r i n g  
agent procedrzs t oo  q u i c k l y , i t s  volatile by-products may forrzl bubbles  in- 
stead of d i f f u s i n g  throughout  t h e  rssin. 
(4) M o i s t u r e  o r  other v o l a t i l e  contaminant  on t h e  c e l l  string, s u b s t r a t e ,  glass 
o r  o the r  component. Are a11 components dry? 
( 5 )  Premature p r e s s u r i z a t i o n  o f  top chamber. If t h e  t o p  c a v i t y  is p re s su r i zed  
t o o  soon, it may compress t h e  mol ten  r e s i n  and t r a p  b u b b l e s  before  they 
can escape. 
6 )  L a t e  p r e s s u r i z a t i o n  of t o p  chamber. If the top chamber i s  pres su r i zed  too 
la te  i n  t h e  c y c l e ,  t h e  h i g h  t empera tu re  may cause  t h e  v o l a t i l e  by-products 
of the c u r e  p roces s  t o  form b u b b l e s .  Normally, the pres su re  load prevents  
this from occu r r ing .  
Low G e l  Content (Low Cure) 
(1) Ultimate t empera ture  too l o w ,  Is the thermocouple l o c a t e d  such that it 
reads t h e  - EVA temperature? Thermocouples mourlted on the  o u t s i d e  of lamin- 
a t o r  o r  ather l o c a t i o n s ~ a a n n o t  s u c c e s s f u l l y  p r e d i c t  resf.11 temperature .  
(2) Too shos: a  pe r iod  of  time at t h e  cure temperature .  The , ~ t ~ e l l  time must- 
b e  measured from the p o i n t  a t  which the EVA rdaches t h e  desired cure 
temperature .  
(3) Temperature r a t e  o f  rise t ~ o  slow. The peroxide c u r i n g  agent will decompose 
a t  law t empera tures  w i thou t  the c u r e  reaction taking place .  Long, slow 
heating rates may seriously d e p l e t e  t h e  p e r o x i d e  concentration be fo re  c u r i n g  
tempera tures  a r e  reached. 
( 4 )  Improper s torage.  The c u r i n g  agent will s lowly  evaporate froln rolls  or s h e e t s  
of EVA that: have n o t  been k e p t  p r o p e r l y  wrapped ( i n  a p l a s t i c  bag). C u t  
sheet exposed to the open air should n o t  be  used  after a 24  hour period s f  
t i m e .  P roper ly  p ro t ec t ed ,  t h e  EVA h a s  an  indefinite s h e l f  life. 
Trouble Shooting Guide - Page t w o  
Disco lorat ion  (Vellowlng) 
(1) Temperature too high. Excess ive  heat is the  only  processing cond i t ion  
observed to r e s u l t  i n  yel lowing of t h e  EVA. 1s .the thermocouple mounted 
i n  a locat ion where the  resin temperature may b e  measured? Are there any 
thermal hot-spots? 
Lack of Adhesion (Delamination) 
(1) Too much primer applied. This is the most frequent cause of poor 
adhesion. Only a th in  l a y e r  is  necessary  and excess primer serves  a s  
a parting agent instead of  an adhes ive .  
( 2 )  Cleanliness .  Is the g lass  and other components c l ean  and Ekee o f  *oil, 
flux and other  residues? 
(3) Primer prepared with solvent  contsminared with water. A water-free 
grade of so lvent  should be  used (anhydrous). Too high a water content 
w i l l  cause cloudiness  or a prec ip i ta te  to form in the  boe t l c .  
( 4 )  Primer too  old. The primer solution slowly ages and l o o s e s  I t s  effec- 
t iveness .  T h i s  i s  a l so  indicated by the formation of a pink co lo r  and 
hazy appearance. 
(5) I n s u f f i c i e n t  cure o f  the EVA. The adhesion chemistry depends on adequate 
curing of the  EVA. The adhesion chemistry depends on adequate curing of  
t h e  EVA i n  order to  develop maximum bond strength (see s e c t i o n  on g e l  
content) .  
